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ABSTRACT 
The effective monitoring of blood pressure is essential to the prevention of 
hypertension due to aging population. This gives rise to the urge for the 
development of wearable devices to meet the huge potential need in healthcare 
products. However, the traditional medical devices such as sphygmomanometer are 
noisy, bulky, and requiring healthcare personnel to operate. To that end, 
miniaturization is required if portable device is to be developed. This research 
centers on the design of analog front-end integrated circuits for bio-medical signal 
acquisition with near-infrared (NIR) optical sensing. The key challenges include 
integration of large value components for low frequency operation, robust rejection 
of D C photocurrent due to variation of physiological condition and LED operating 
mode, and low power consumption for long battery time. 
To meet these challenges, a new NIR sensing system, consisting of a 
transimpedance amplifier (TIA) and an ultra-low cutoff frequency lowpass filter, is 
proposed for application in photoplethysmography (PPG) signal acquisition. Light 
source is pulsed to reduce power consumption. Robust DC rejection for the pulsed 
signal source is achieved through a sample-and-hold stage in the feed-forward signal 
path and an error amplifier in the feedback path with an off-chip compensation 
capacitor. Ultra-low cutoff frequency of the filter is achieved with a new technique 
that incorporates a pair of current steering transistors that effectively increases the 
filter capacitance. The design was realized in 0.35-|im C M O S technology. It 
consumes 600-|LIW at 2.5-V, and achieves lower-band and upper-band /捕 cutoff of 
0.46-Hz to 2.8-Hz, respectively. 
To achieve full integration and versatility, a dual-loop TIA with DC photocurrcnt 
rejection for continuous-time multi-parameter processing is developed. It consists of 
a pole location control block to push the lower -3dB cutoff frequency to a low 
111 
frequency location and a self-regulated D C photocurrent rejection loop to sense the 
D C current from the photodiode and to perform D C current cancellation. 
Implemented in 0.35-|im C M O S technology, the chip consumes 155.8-|LIW from a 
2.5-V supplies at Ij^  of 20-|iA. Experimental results show that the circuit can reject 
a D C current ranging from 2.7-|LIA to llO-JIA，and achieve a tunable lower -3dB 
cutoff frequency ranging from 0.47-Hz to 370-Hz without using any external 
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CHAPTER 1 ： INTRODUCTION 
1.1 Background 
Near-infrared (NIR) sensing has become one of the popular techniques for the 
acquisition of biomedical signals due to distinctive spectral absorption characteristics 
of various molecules and soft tissues of human body in the near-infrared spectral 
region. 
Photoplethysmogram (PPG) is a pulse sensing technique that is used to measure 
arterial pulse waveform from either arterial wall deflection or force at the surface of 
the skin above a palpable vessel. It is a volume sensing (as opposed to pressure 
sensing) technique that relies on changes in arterial blood volume that are associated 
with cardiac contraction, which results in photon absorption and reflection by tissue 
or hemoglobin when the tip of the index finger is placed into contact with an NIR 
sensor [1]. Thus, PPG, together with electrocardiogram (ECG), can be used in the 
measurement and computation of various vital signs such as blood pressure (BP) and 
Sp02 [l]-[4] using pulse transit time (PTT) [5]. This is illustrated in Fig. 1.1. 
F i g . 1 . 1 Definition of PTT. (Ar twork : courtesy of Ms. Mico Wong, The 
Chinese University of Hong Kong) 
1.2 Motivation 
Hypertension is defined as an average s y s t o l i c blood pressure of 140 m m Hg or 
greater, a diastolic blood pressure of 90 m m Hg or greater, or the use of 
antihypertensive medication. According to Kea rney et a!., the estimated total number 
of adults in the world with hypertension in 2000 was 972 million. This number was 
predicted to increase by about 60% to a total of 1.56 billion by 2025 [6], For this 
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reason, effective monitoring of BP is essential to the prevention of hypertension. This 
also gives rise to the urgency for developing wearable medical devices to meet the 
huge potential need in healthcare products. However, the traditional BP measurement 
devices such as sphygmomanometer are noisy, bulky, and requiring healthcare 
personnel to operate. Such device also fails to provide continuous-time monitoring 
due to periodic cuff inflation and deflation, which causes discomfort to the individual. 
Frequent occlusion of arteries also induces measurement error [2]. Therefore, a cuff-
less, user-friendly, and portable BP measurement device is needed if continuous-time 
monitoring of vital signs is to be achieved. To that end, Chan et al. came up with a 
BP estimation algorithm, which was based on PTT, using ECG and PPG [2]. The 
interface for signal acquisitions was built using discrete components, metal lead and 
NIR sensor, which was also bulky and consumed considerable amount of power. 
Therefore, an integrated circuit (IC) for the PPG and ECG analog front-end (AFE) is 
desirable if wearable health monitoring device is to be developed. 
However, the current IC development is geared toward high frequency and power 
system for data communications and heavy duty computing, such as transceiver, 
microprocessor and analog-to-digital converter (ADC). The design issues for these 
high frequency front-ends are very different from their low frequency counterpart, 
which is characterized by slow varying nature of the physiological signal such as PPG 
and ECG, the physiological condition of the individual, and the stringent power 
consumption requirement due to its operating conditions. 
To illustrate the point, let us take PPG AFE as an example. The signal chain is 
shown in Fig. 1.2. Since transimpedance amplifier (TIA) in many wireless optical 
receivers is geared toward high speed, the stability of the TIA must be guaranteed at 
such a high frequency due to the poles and zero location of the amplifier [7]. On the 
other hand, TIA can also be employed in biomedical electronics for the acquisition of 
PPG signal. The photons reflected from molecules and soft tissues in human body 
experiences loss before reaching a photodiode at the far end. The photodiode then 
transforms the photons to a proportional current, which is subsequently amplified and 
converted to voltage by the TIA. In addition, the biomedical signal possesses an 
inherent D C offset current {Ij, — which is not known in advance) due to the following: 
1) physiological condition of individual, which varies from person to person, 
assuming LED is at full power and continuous time operation, 2) duty cycle of the 
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LED, if it is pulsed to reduce power and 3) the power consumption of the LED in 
continuous time operation. The ratio of / Ijc is given by the following equation: 
cic tlias 
which is typically in the range of 0.001 to 0.015 [8]. Since is in the range of 50-nA 
to few hundred nanoamperes, I血 is in the range of l-)iA to 120-fiA. Therefore, the 
TIA in biomedical electronic must reject this D C component to prevent saturation of 
signal at later stages, which is different from D C rejection capability for conventional 
TIA (with operating frequency from 100 KHz to 60 MHz). 
IN 
OUT 
Fig. 1.2 Signal processing chain for PPG AFE. 
The D C rejection problem is further complicated when the light source, i.e., the 
NIR light-emitting diode (LED), is pulsed for reducing power consumption [9]-[10:. 
The D C level of a pulsed signal is not the same as the D C level of the original 
continuous-time signal, and depends on the duty cycle of the pulsating scheme. A 
proper D C rejection should reject the latter rather than the former for maximizing the 
dynamic range of the system. This is illustrated in Fig. 1.3. 
Avg. of desired si^ rfal 
Avg. of pulse 
Fig. 1.3 Waveforms to illustrate the difference between the average level of a 
continuous time signal and the average of a pulse. 
Another challenge for the monolithic integration of biomedical front-end is the 
realization of lowpass filter that requires large RC time constants to remove high 
frequency noise such as motion artifact in physiological signal, which is of low 
frequency in nature (0.5 Hz to 4 Hz for PPG). But realization of bulky passive 
components in silicon is very costly due to its area. Alternatively, low power 
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consumption stems from the portable nature of the sensor system and the constraint of 
the power source. This is especially crucial for future design when integrated wireless 
transmitters are used. 
To sum up, these are the challenges that need to be resolved if portable PPG front-
end is to be developed: 1) low power consumption, 2) robust DC photocurrent 
rejection, and 3) integration of large value monolithic passive components. Since 
there has only been a few reported design of bio-optical signal acquisition circuit 
11]-[12], the three aforementioned requirements will provide an interesting 
application of how IC design techniques can be innovated at both the system and 
transistor level to address these stringent requirements in the design of PPG AFE. 
1.3 Summary of Contributions and Thesis outline 
This thesis constitutes a thorough study of PPG signal processing chain to address 
the requirements placed on the biomedical front-end. The operating frequency of the 
system is between few tenths of a hertz to a few kilo-hertz, which is reasonable for 
most physiological signals. In the process of developing the AFE, a graphical method 
of circuit analysis based upon driving-point impedances (DPI) and signal-flow graphs 
(SFG) [13], [14] are used. 
The following are the main contributions of the thesis: 
• a new TIA with adaptive DC photocurrent rejection for pulsed light source, 
• an ultra-low frequency lowpass filter using current steering technique, 
• a bio-optical signal acquisition front-end for PPG using the new TIA for 
pulsed light source and the ultra-low frequency lowpass filter, and 
• a novel topology for a fully integrated, versatile TIA with adaptive DC 
photocurrent rejection and very low lower -3dB cutoff frequency. 
In Chapter 2, different sensing architectures and techniques for ultra low cutoff 
frequency filter are evaluated and the proposed architecture and solutions are 
presented for features comparison. A fully integrated TIA that combines various 
analog front-end (AFE) of different natures is presented as well. Chapter 3 
emphasizes on the design of proposed architectures in Chapter 2: 1) the new 
transimpedance amplifier for a pulsed LED source and 2) a dual-loop TIA with DC 
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photocurrent rejection using DPI and SFG. Simulation and experimental results are 
included within the chapter also. Chapter 4 presents the design and experimental 
results of ultra low cutoff frequency filter using current steering technique, together 
with the performance results of the overall system. Finally, Chapter 5 summarizes the 
thesis and present direction of future works. 
CHAPTER 2: SYSTEM DESIGN AND ARCHITECTURE 
This chapter provides the background information necessary that leads to the 
proposed work, which includes the review of previously reported solutions. This 
includes transimpedance amplifier and sense amplifier for various imaging and 
hearing aid systems, and filters using G^-C with sub-threshold operation, 
switched-capacitor and capacitance multiplier. The design requirements of the 
proposed system are illustrated through highlighting the limitations of the previous 
work. Having explained the circumstance for our work on biomedical TIA and low 
cutoff frequency filter, the proposed solutions will be described to provide an 
overview and comparison with previous works. 
2.1 Architectural consideration 
Recent years have seen increased interest in the research and development of NIR 
sensing in acquisition of biomedical signals. The ultimate goal is to build wearable 
device with low-power, fully integrated biomedical AFE. Few researchers in the 
past have built analog front-end for NIR signal acquisition and sense amplifier 
application. Each is unique in its way to tackle the challenging issues mentioned in 
previous chapter, which are reviewed in the following section. 
2.1.1 Previous work 
Normandin et al. come up with a NIR brain imager that uses TIA [10], which is 
given in Fig. 2.1. The system consists of a TIA, post-amps and a demodulator, 
which is used to recover the pulsed LED signal, with A C coupling circuit intersperses 
the system - between the amplifier stages. Besides, the LED in Normandin’s system 
is pulsed to reduce power (as is the case with most of the LEDs in biomedical system, 
with a duty cycle of about 1 percent to 20 percent). In this setting, since the system 
operates in open-loop and no mechanism is presented to perform regulation of the DC 
level of the demodulated signal, the signal might become saturated after amplification 
and leads to reduction of dynamic range (DR), as illustrated in Fig. 2.2. 
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Fig. 2.1 Sensor architecture of Normandin et a I., which consists of I-V converter, 
amplifier and demodulator. 
Fig. 2.2 The reduction of D R in Normandin's system. 
Additionally, large RC time constant cannot be realized very accurately with the 
diode-connected transistor in these A C coupling circuits [10], [15] since the 
component is implemented based on saturation current (/,.) of the transistor, as 
dictated by Eqs. (2.1) through (2.2): 
=J e 
A I e 
nV^ 
where 




which is largely process and temperature dependent. Since these pseudo resistors 
are realized using diode-connected configuration, as shown in Fig. 2.3, it exhibits 
poor linearity and the circuit becomes a rectifier when the signal grows to be larger, 
which would require a bandpass filter in the subsequent stage for signal extraction. 
Hence, if a larger gain is desired at the current-to-voltage converter to maximize the 
signal-to-noise ratio (SNR), the signal would be easily distorted at the A C coupling 
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Fig. 2.4 The architecture for the analog front-end of Baker et a I., which consists TIA 
with current cancellation through G,„ and M卜 
Rankov et al [17] and Hayes [18] have also implemented pulse sensing system 
using correlated double sampling (CDS) for X-ray application, which is shown in Fig. 
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circuit. Consequently, this architecture results in reduction of D R because of its 
building block arrangement, and the transistor level implementation affects the 
operation of the system at DC. 
ir-j •JUI 
Fig. 2.3 Pseudo-resistor implemented by diode connected transistors. 
On the other hand, Baker et al. [16] had implemented a microphone amplifier using 
D C current rejection technique for cochlear implant application. The circuit, shown 
here in Fig. 2.4, consists of a TIA in forward direction and the G,„ block in feedback to 
sense the voltage across R,, which in turn controls the microphone output current to be 
sunk through M卜 For this application, the focus of this current-to-voltage converter 
is high power-supply rejection ratio (PSRR) for a continuous time audio signal which 
spans a frequency range of few hundred to few kilohertz; hence, it is unsuitable for 
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2.5. In these systems, the pulsed signal is sensed twice, one time for the actual 
modulated signal and another time for its noise and offset. However, these systems 
are susceptible to aliasing and folding problem [19], and the robustness of the offset 
cancellation scheme depends on the circuit topology and the value of a predetermined 
offset. 










Fig. 2.5 Schematic of amplifier with correlated double sampling by Rankov et al. 
Finally, to achieve low frequency operation, large capacitor is required not only for 
filtering application, but also for frequency compensation of opamp. De Cremoux et 
al. have realized a floating capacitance multiplier in Fig. 2.6 [20]. Nonetheless, the 
circuit is unsuitable for our application because to obtain very small lower-band f.^ ^ 
for the amplifier, using only Miller multiplication is not sufficient, and 
transconductance (g,„) reduction technique is also required. To minimize very 
small amount of current is pushed through the transistors, and large rj, is created. 
Hence, it is only appropriate to use this technique with transistors in saturation region 
since this would result in large gain reduction when the first stage output sees a 
low-impedance node of the feedback source follower. 









Fig. 2.6 Capacitance multiplier proposed by De Cremoux et al. The highlighted 
part illustrates the low-impedance node driven by the first stage amplifier. 
2.1.2 Proposed work 
A) Transimpedance amplifier with off-chip component 
To deal with the issues mentioned in previous chapter, the system, together with its 
frequency response is implemented in Fig. 2.7 to perform PPG signal processing. It 
consists of a source, a detector (photodiode), a current-to-voltage converter, which is 
based on [7], post amplifier, current-steering low-pass filter (CS-LPF) from [21] and 
timing circuit. The system being realized is enclosed within the dotted line. The 
transfer function is 
+ 





Obviously, Eq. 2.3 exhibits a bandpass filter response, where B(o,,\ is the lower-band 
f德,and B is the product of component parameters inside the feedback loop of TIA, 
which will be explained in Chapter 3. On the other hand, co,,2 is the upper-band f.^jg 
and is controlled by the cutoff frequency of the CS-LPF. The gain of the system is 
the product of the gain of post-amplifier, filter and the stopband, which is generated 
by the TIA as well. 
The system operates in the following way: the source is an external NIR LED that 
is pulsed by the timing circuit to emit light pulse of wavelength at 850-nm. Except 
for the LED, photodiode (PD), timing circuit and the off-chip capacitors, all 
components have been implemented on chip. Power saving can be achieved by 
10 
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time-multiplexing the LED, which is pulsed for 1-ms every 10-ms. The input signal 
is a current pulse being acquired through the PD with A C amplitude of 200 to 300 nA 
that sits on top of a 50 to 60 |iA pulse with/ of 100-Hz and 10% duty cycle. 
OUT 
Fig. 2.7 Proposed sensor architecture #1, which consists of a closed-loop TIA, 
amplifier and current low-pass filter (CS-LPF). 
The pulse height is set at 50 to 60 jiA because experiments with discrete circuits have 
shown that D C photocurrent of most subjects spans a range of 60 to 80 fiA when 
physiological signal is acquired through the PD, with the LED fully on. Therefore, 
with a 10% duty cycle, the actual amount of DC current generated by the PD is about 
6-8 |LIA. This signal is then converted to voltage in the TIA. To detect the average 
of this pulsating signal accurately, as explained in previous chapter, this pulsed PPG 
signal is then sampled and held inside the system, together with the feedback 
mechanism, which will be elaborated in Chapter 3. Finally, smoothing operation is 
applied to this quantized signal through the CS-LPF and continuous time signal can 
be recovered for further processing. 
The advantage of the system is two-fold: first, unlike the pseudo-resistor AC 
coupling circuit, the input signal inevitably experiences less distortion with this TIA 
configuration. Second, the average level of the incoming signal, which is a current 
pulse, can be computed more accurately through the sample-and-hold (S/H) in the 
feedback loop circuitry, and current-to-voltage conversion can also be performed 
simultaneously. Third, since the NIR LED consumes the most power, it needs to be 
pulsed to reduce power consumption. Inevitably, duty cycle and sampling frequency 
would affect the accuracy of peak detection algorithm later on for BP estimation [9]. 
11 
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Henceforth, this architecture provides flexibility in duty cycle and sampling frequency 
selection to optimize for power consumption and BP computation accuracy because it 
can reject variable amount of D C current. Thus, with proper building block 
arrangement, the D R of the overall system is not hampered. The compensation in 
the error amplifier also provides low enough cutoff frequency required to preserve the 
original signal, as explained in Chapter 3. 
B) Dual loop transimpedance amplifier 
To build highly miniaturized component for wearable devices, and to combine 
various front-ends of different natures (but with the same input mode - current) into a 
single architecture, such as physiological, neural-photonic and hearing-aid signal, 
there is a need for the development of a fully integrated TIA with D C photocurrent 
rejection for continuous time application. Fig. 2.8 is the circuit with additional 
circuitry in the original loop for low frequency operation and another loop for 
self-regulated D C photocurrent rejection. As will be shown later, the lower-band/s./^  
of this circuit is given by the following: 
R 人g 
i v2o ^  - . “ ( 2 . 4 ) 
^ Y c ^ 
Basically, the AFE consists of two novel parts: 1) a pole location control block that 
dictates the lower-band f.^ B of the bandpass response with the addition of g,„2 and 1/ 
g,„,, as shown in Eq. 2.4, and 2) The self-regulated D C photocurrent rejection circuitry, 
which is consisted of current mirror to M^. The rejection loop senses a wide 
range of D C current generated by the PD and feedback the current to be canccllcd 
through Ma! such that the power consumption of the LED can be optimized, as seen 
from previous section. The pole location control block provides flexible lower-band 
f-秘(cohp) selection such that a wide array of input signal can be processed. For 
instance, the signal bandwidth of the physiological signal (such as PPG and ECG) is 
from a few tenths of a hertz to few tens of hertz, while neural signal occupies a 
frequency band from a few hundred hertz to few kilo-hertz. Thus, this front-end 
must be capable of processing signals with a wide frequency range. With such a 
complex circuit (no less than three feedback loops that are coupled together) comes 
12 
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the immense challenge of analyses. Traditional circuit analysis might work, but it 
will be extremely cumbersome to extract anything useful for design. Therefore, 
some techniques that can portray the dynamics of the circuit behavior, yet systematic 
enough to be carried out for analysis, is required. Signal flow graph analysis 
13]-[14] has that potential to satisfy the requirement. This will be presented in the 
latter half of Chapter 3. To conclude, Table 2.1 summarizes the difference among 
various architectures. 
Fig. 2.8 Dual-loop trans impedance amplifier with pole location control block and 
self-regulated DC photocurrent rejection loop. 
2.2 Design consideration for the ultra low cutoff frequency filter 
Filter is an important building block for signal processing, whether it is for wireless 
communications to suppress the interferer or for quantizing signal within a sigma-
delta modulator. It can be found in a variety of mixed-signal systems for various 
purposes. The requirement of the building block varies from application to 
application and each has its unique properties and design challenges. 
For physiological signal processing, since the signal (ECG and PPG) is slow 
varying in nature (0.5 to 4 beats per second), filter with high cutoff frequency would 
not work since low frequency noise, such as motion artifact, and charge leakage from 
S/H, which are in the range of a 10-Hz to 100-Hz, would inevitably distort the small 
magnitude signal of interest. Therefore, filter with ultra low cutoff frequency is 
necessary. Nonetheless, implementation of large RC time constant on silicon is very 
13 
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costly due to area occupied by passive component and is extremely inaccurate due to 
process variation. In the past, few design techniques have been developed to deal 
with the issue and they are presented in the following section. 
2.2.1 Previous work on very low cutoff frequency filter 
A) Gm-C with current division and sub-threshold operation 
Figs. 2.9 and 2.10 are the schematic of a transconductor using current division 
principles and the system architecture for the filter [22]. Basically, Mr in Fig. 2.9 
acts as linear transconductor to convert the differential voltage (v, - v〕）to current and 
current cancellation is performed at the transconductor output by M, and Mn, as 
shown in the following equation: 
容, 
7V-1 
V. - V. M + N + \ g oMR 
(2.5) 
where M is defined as the ratio of transconductances between Mm and M, and N is 
defined as the ratio of transconductances between M^ and M卜 
VBIO H 1 VB30— 
MBP 
V,„ c>-
MM Ml _ MN 
VSS-










Fig. 2.9 Schematic of transconductor in [22], with current cancellation 
丄 工 - -A h w w T
 ^ 
• 丄 工 - -
I X 
Fig. 2.10 System architecture of the Gm-C filter in [22]. 
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The problem with this circuit is that 1) current cancellation is dependent on the 
difference of currents flowing through M, and Mn, which are operated in 
sub-threshold regime. Since this difference (not ratio) is process dependent, very 
small G,„ cannot be realized very accurately. 2) In addition, sub-threshold operation 
in some process is not well controlled, which also contributes to an inaccurate Gm, and 
3) the complicated system architecture might give rise to stability problem. To be 
safe, some other mechanism is necessary to guarantee the required cutoff frequency 
besides using the transconductor alone. For instance, the pole frequency for a 
filter is given by 
(2.6) 
From Eq. 2.6, Q also affects the pole location as well. To be fail-safe, it is 
necessary to increase the size of the Q. Capacitance multiplier is the answer and it 
will be discussed next. 
B) Capacitance multiplier 
The basic structure of the grounded capacitance multiplier (or grounded impedance 
scalar) is shown in Fig. 2.11 [22]. Each end of the capacitor is connected to the 
drain of the current mirror and active load. The current flowing through one branch 
is amplified and fed back to the input terminal of the capacitor, thus current and 
capacitance multiplications are achieved. The equivalent input capacitance becomes 
Z =——-—— (2.7) 
It seems that the capacitance multiplier is an ideal solution to compensate for the 
inaccurate G^. Nonetheless, there are drawbacks to this: 1) since the multiplication 
factor depends on N, therefore, large amount of current is consumed for a large 
multiplication factor. There is design trade-off between size of capacitor and power 
consumption. 2) In this topology, the capacitor is parallel with the drain node of the 
active load and also the current mirror. As a result, the impedance seen by the 
output of the transconductor is low impedance, which may create loading problem for 
the G,„ block and the high gain of the block might not be maintained. This results in 
signal attenuation. 3) This technique is only applicable to grounded impcdancc 
15 
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scaling and unsuitable for floating impedance scaling, which requires a different 
circuit. Some modification is required before it is made useful as a versatile 
impedance scalar. 
0 MSP MSPN 
MSI MSN 
vss 
Fig. 2.11 Schematic of impedance scalar in [22 
C) Switched-capacitor (SC) filter and switched-opamp switched-capacitor 
(SO-SC) filter 
The SC-SO filter, presented in Fig. 2.12, is an eighth-order Buttcrworth bandpass 
ladder filter being used in [23]. It operates from a 1.8-V to 1-V supply and clocks at 
1 -KHz. The high sampling rate is required in order to minimize leakage current of 
the switches due to long hold time, at the price of complexity, larger C_ / C_ ratio 
and higher power consumption. The tuning ability of this structure is also limited. 
Alternatively, the leakage current cancellation circuit in Fig. 2.13 [24] cancels the 
leakage current from the C M O S switch such that a smaller C；, can be integrated onto 
the silicon. However, it is not feasible if such technique is applied to multiple 
switches, since it would add up in area, power and complexity as well. It also would 
not work well in low voltage design since four transistors are stacked together. 
16 
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Fig. 2.12 Schematic of SO-SC bandpass filter in [23] 
Replica SH Circuit 
Fig. 2.13 Schematic of the leakage current cancellation circuit in [24 
2.2.2 Proposed work for the ultra low cutoff frequency filter 
Current-steering low pass filter (CS-LPF) 
To improve the performance of the lowpass filter and address the previous issues, a 
different structure is purposed in Figs. 2.14a) and b) [21], [25], which is based on 
Moon [26]. This structure, termed current-steering lowpass filter (CS-LPF), works 
by varying the gate voltage of the transistor pair inside the a block to steer away 
certain amount of current to ground from the feedback capacitors in the active RC 
filters. As a result, the cutoff frequency of the filter can be adjusted. The 
advantage is multi-faceted. First, current-steering is very simple compared to the SC 
17 
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or Gm-C technique because it does not require the presence of a clock signal or 
complex biquad/ladder structure. Thus, there is no switching noise problem, which 
is usually associated with an SC filter, or stability problem, which is associated with 
the Gm-C structure. Second, the use of large capacitors can be avoided because of 
the increasing effective capacitance due to current steering. Third, the process and 
temperature variation can be compensated for by varying the gate voltage. Although 
the current steering transistors, which act as linear resistors, might exhibit non-linear 
behavior, the problem can be minimized by carefully controlling the aspect ratio of 
the transistors. Accordingly, the advantages far outweigh the drawbacks. 
Therefore, current-steering technique will be further investigated in later chapter. 




Vt2 M. Ic2 
V. 
a) b) 
Fig. 2.14 a) Top level of schematic of CS-LPF, and b) schematic of a block. 
2.3 Summary 
In this chapter, the architectural consideration from the system perspective is 
presented. Namely, four kinds of architecture are considered: discrete-time 
neural-photonic signal processing using pseudo-resistor, continuous-time audio 
frequency signal processing using sense amplifier feedback mechanism, correlated 
double sampling, and discrete time physiological signal processing using current 
rejection and sample-and-hold. The feasibility study of different architectures to 
fulfill the requirements: namely, low-power consumption, robust DC photocurrent 
rejection and integration of large value monolithic passive components, is conducted. 
To that end, the proposed discrete time current rejection architecture fulfills the 
requirement and performs better than the other three. 
Next, full integration of the previous architecture and a multi-parameter AFE are 
accomplished by a dual-loop TIA with DC photocurrent rejection. Not only does this 
18 
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TIA accomplishes the same feat as the previous architecture, but also it can handle 
signals arises from different parts of body, such as neural photonic, hearing-aid and 
physiological signal. To facilitate analysis of the multi-loop circuit, signal flow graph 
is used to gain insight into the operation and dynamic behavior of the circuit. Thus, 
the building blocks and the analysis technique will be further investigated in later 
chapters. 
Furthermore, techniques for the design of ultra-low cutoff frequency are evaluated. 
They are Gm-C with current cancellation and sub-threshold operation, capacitance 
multiplication and switched-opamp switched-capacitor (SO-SC). They are 
scrutinized for its f.^ ^ cutoff accuracy, power consumption, versatility, and structural 
and implementation complexity. Consequently, the proposed CS-LPF complies with 
most of the requirement and out-performs the other three. This will be examined in 
Chapter 4. 
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Reference Architecture Comment 
[10], [15] Open-loop, 
diode-connected A C 
coupling, demodulator 
• No regulation of DC level 
• Inaccurate RC time constant 
• Limited linearity 
[16] TIA with D C photocurrent 
rejection, close-loop for 
audio signal. 
• For continuous time and audio 
frequency signal. 
[17]-[18] Correlated double sampling • Folding problem. 
• Predeteiniined offset required. 
Proposed work #1 TIA with D C photocurrent 
rejection, close-loop for 
discrete time low frequency 
physiological signal. 
• For discrete time, low frequency 
physiological signal. 
• Low distortion. 
• Accurate RC time constant. 
Proposed work #2 Dual-loop TIA with DC 
photocurrent rejection, 
close-loop for continuous 
time multi-parameter 
signal. 
• Combining various AFE of 
different natures into a single 
architecture. 
• Full integration. 
Table 2.1 Summary of different architectures. 
Reference Technique Comment 
[22] Gm-C with current 
cancellation and 
sub-threshold operation 
• Inaccurate G m 
• Stability problem 
[22] Capacitance multiplier -
Impedance scaling with 
current mirror. 
• Only good for grounded 
configuration. 
• Trade-off between size of 
capacitor and power. 
• Loading problem 
[23]-[24] Switched-opamp switched 
capacitor for low voltage, 
low power operation. 
Leakage current 
cancellation technique 
• Large C,腿 / C_ ratio. 
• Leakage current. 
• Limited tuning range 
• Structural complexity 
• Headroom problem 
Proposed work #3 Current steering lowpass 
filter 
• Compensated for process and 
temperature variation 
• Higher power consumption. 
Table 2.2 Summary of different ultra low cutoff frequency design techniques. 
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In this chapter, we work out a number of transimpedance amplifier (TIA) structures 
that fulfills the requirements mentioned in previous chapters: 1) robust DC 
photocurrent rejection, 2) reduced lower-band f.^ B and 3) full integration. To that 
end, we describe in detail a TIA with sample-and-hold (S/H) in feedback to construct 
a continuous-time voltage output from a discrete-time current input with maximized 
dynamic range (DR). Next, we develop the topology of a dual-loop TIA with robust 
D C photocurrent rejection. During the design phase of the dual-loop TIA, we use 
DPI/SFG to aid us in the analysis of the system. Simulation and implementation 
results of the proposed designs will be presented as well. 
3.1 Transimpedance amplifier with off-chip component 
3.1.1 Transimpedance amplifier with DC photocurrent rejection 
As mentioned in previous chapters, there is a need for the development of a 
current-to-voltage converter that can regulate voltage output coming from a pulsed 
current source [10], [15]. The problem with these circuits is that the D C output 
voltage cannot be properly detected with a pulsed current or voltage input. 
Obviously, a feedback loop with error amplifier (EA) is necessary, such as the one 
shown in Fig. 3.1 [7]. This circuit performs the following functions: 1) current-to-
voltage conversion through R, of the TIA, 2) D C photocurrent rejection as the error 
voltage is sensed by EA to determine the amount of D C current to be sunk from the 
photodiode (PD) through M^ i, 3) highpass filtering through the feedback mechanism, 
which will be explained here, and 4) regulation of D C output voltage to 厂对 through 
the use of feedback loop. 
The characteristics of the ambient photocurrent rejection circuit can be studied by 
assuming the gain of the EA - Aerr(s) has a dominant pole response 
( > ) = � / ， (3.1) 
21 
CHAPTER 3: TRANSIMPEDANCE AMPLIFIER DESIGN 
where Aj, = R02 and g,„EA is the transconductance and R02 is the output impedance 
of the EA, respectively. C0p]=l / (R02CJ is the dominant pole frequency where C^ is 
the compensation capacitor of the EA. The resulting closed-loop response of the 
preamplifier with ambient rejection is 
1 +丄 
V , 、 Rf 1 CO,. 
out / 7 � 、乂 厂 1 ⑴二—— - ^ ~ X ^ (32) 
1 + 则 仏 1, ( ) 
R f ^cJc ^ p \ S mctl 
where R, is the passband gain of the TIA, and g_i is the transconductance of M,„. 
Assuming R, A^,. cOp\ » 1, the preamplifier exhibits a highpass response with the 
following lower-band ,3‘ 
① 〔 ① ( 3 . 3 ) 
It can be seen that this circuit works fine for high frequency operation. Yet, two 
problems emerge if this circuit is used for low frequency operation with modulation: 1) 
only very small amount of current can be sunk with a reduced lower-band f_诚,as seen 
in Eq. 3.3 unless very large time constant is implemented in the EA for bandwidth 
extension to reject moderate amount of DC photocurrent, and 2) incorrect average 
detection for pulsating signal. The first point is relevant because the sunk current is 
in microampere range regardless of operating frequencies. However, this is not an 
issue since an external compensation capacitor will be used. Conversely, for a 
current pulse whose output is a voltage pulse, as the output is integrated by the EA, 
the offset voltage of the voltage pulse becomes the average. Consequently, output 
from integration is incorrect and the DC current generated from M,,i is inaccurate. 
This is acceptable if signal is not being further processed. Otherwise, saturation of 
signal occurs in later stage due to unregulated DC output voltage being amplified. 




Waste DR of VHJ2 
Fig. 3.2 Illustration of how Phang's circuit results in D R reduction. 
3.1.2 Proposed solution - Transimpedance amplifier with sample-and-
hold in feedback 
A) Operating principle 
To circumvent the incorrect average detection issue, a different topology in the 
feedback loop is proposed, which is shown in Fig. 3.3a), b) and c), together with the 
aspect ratio of the opamps and M【.". Since the average of continuous-time signal is 
desired but not the pulse signal, an S/H circuit is inserted between the TIA and the EA. 
As the current pulses are being converted to voltage pulses through the TIA, instead 
of integrating the pulsated signal to detect its average, the EA integrates the sampled 
and held version of the signal such that the average of the signal can be detected 
accurately. Thus, robust DC photocurrent rejection for a pulsed light source and 
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accurate detection of D C level of pulsed voltage can be achieved by the addition of 
one S/H circuit. 
To illustrate the point, the system in Fig. 2.7 is designed and implemented in 0.35-
|xm C M O S technology using a 2.5-V power supply. In this section, only the design 
issues relevant to the TIA are discussed and the design of lowpass filter will be 
addressed in Chapter 4. Except for the compensation capacitor (C,„) in the EA, 
which is 220-nF, and the holding capacitor in S/H circuit, which is 10-nF, 
everything else has been realized on chip. The EA and the TIA opamps are two-
stage amplifier in [27]. The use of slightly larger capacitor is to reduce the charge 
injection such that a larger switch can be used to ensure loop stability. The size of 
these capacitors can be scaled down substantially in future development by using 
smaller switch size and capacitor multiplier technique [20], [28]. The gain is R, and 
a 2Kn resistor is used. The circuit achieves a highpass cutoff frequency of 1 -Hz and 
sufficient amount of attenuation according to Eqs. 3.2 and 3.3. 
MntF2.8 / 2.0 
Fig. 3.3a D C photocurrent rejection transimpedance amplifier with sample-and-






Fig. 3.3c Schematic of the sample-and-hold in Fig. 3.3a. 
B) Simulation results 
The frequency response of the DC current rejection TIA with EA and S/H in 
feedback is presented in Fig. 3.4. The circuit achieves 51.2-dB attenuation for a 
photocurrent of 70-|LIA with a lower-band f—娜 of 1-Hz. The range of DC 
photocurrent that can be sunk effectively while maintaining the desired frequency 
response is l-fiA to 70-|LIA. 
The transient waveform of node V卯,in Fig. 3.3a is given in Fig. 3.5. The inputs to 
the T I A are triangular current pulses with a DC photocurrent (/论）of 1.0-|LIA to 70-FAA 
(O.l-jiA to 7-|LIA with 10% duty cycle). When settled, the output DC level equals to 
Vre/, which is at the desired value of V^ H = 1.25-V, given that V^ j is 2.5-V. The 
settling time is about 3.52-s, which is adequate since the circuit operates at very low 
frequency. The circuit is clearly working as the amount of DC offset is very small 
for different amounts of DC current. 
In Fig. 3.6, the transient waveform for the conventional approach of not placing the 
S/H inside the feedback loop (circuit in Fig. 3.2) demonstrates that the output DC 
level varies for different amount of DC photocurrent (from 6-|iA to 95卞A), from 1.26 
to 1.384-V. Clearly, if this signal was further processed (see Fig. 2.7), saturation of 
DC level would occur at later stage. Consequently, the proposed circuit can remove 
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Fig. 3.3b Schematic of opamp, which is taken from [27 
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Fig. 3.5 Simulated of the TIA with S/H inside the feedback loop with 
various amounts of D C photocurrent. Inset, zoom-in version of waveforms to show 
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Fig. 3.4 Simulated frequency response of off-chip capacitor TIA with different 
amount of D C photocurrent 
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Fig. 3.6 Transient simulation of TIA with S/H outside the feedback loop with 
various amounts of D C photocurrent. Inset: zoom-in version of waveform to show 
different amount of offsets. 
3.2 Dual-loop transimpedance amplifier with DC photocurrent 
rejection 
3.2.1 Evolution from basics to the proposed work 
As mentioned in previous chapters, the main challenges in designing TIA for 
biomedical application are 1) the integration of large value monolithic components to 
achieve low frequency operation, and 2) robust D C photocurrent rejection due to 
variable physiological condition of individuals and reduced LED power consumption 
for continuous time operation. In this section, the advancement from the 
rudimentary version of [7] to the proposed work, which overcomes the 
aforementioned challenges, will be detailed. Afterwards, the analysis and design of 
the system using SFG will be presented. 
Since the operating principles of Fig. 3.1 have been elaborated already in previous 
section, it will not be repeated here. However, the corresponding lower-band f_細 is 
presented again, together with the structure of Fig. 3.1, in Fig. 3.7 (where A,rr is 
replaced by A^ z)： 
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Fig. 3.7 Structure of Phang's circuit in Fig. 3. 
R f ^ vlS mctl CO..= 
The problem with this circuit is that the D C photocurrent that can be sunk at low 
frequency (< 300 Hz) is low (< 1 |LIA), which is insufficient because P D generates D C 
current in microampere range (1-|LIA to 110-|nA) regardless of the operating frequency 
of the circuit [8]. From the above equation, to generate small ojhp (< 300 Hz) with 
moderate amount of 〜(."’ the compensation capacitor (C^) can be quite large. For 
example, to reach a cutoff frequency of less than 300-Hz and to sink a D C 
photocurrent of 10-|nA, even with maximizing the error amplifier's performance (A,2 
=324.3K-V/V, R阶=161.2 GQ), the required C is 400-pF. Table 3.1 shows the 
cutoff frequency and its corresponding 
Cutoff frequency (Hz) D C photocurrent (jjA) C, (pF) 
300 20 800 
300 10 400 
50 10 2400 
10 10 12000 
Table 3.1 Possible values to adapt Phang's circuit for low frequency application. 
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To circumvent the problem, the following structure is proposed: 
Pole location control block 
Fig. 3.8 The structure of the new circuit, with transconductance cancellation and 
reduction blocks (g,n2 and 1 / g^ i) inserted between A,2 and g咖 
In Fig. 3.8, a transconductance block {g^ 2) and the current-to-voltage block (l/g,„i) 
are inserted between the E A and g肌.“.The purpose of l/g^ ] is to cancel with the g^ i^ 
such that the lower-band f—狐 is almost independent of the current sink function, as 
shown in Eq. 3.4. However, it will be demonstrated in later section that relationship 
between g^i and /论 exists which enables the f_細 to be tuned over a considerable 
frequency range. Moreover, since cancels with 容饥."，there needs to be another 
transconductance block to feedback current into Mi from the E A to perform 
cancellation, and M i serves that purpose. Inevitably, g…2 has to be kept to a 
minimum to push the lower-band to very low frequency. The following is the 
new equation for the lower-band : 
s, 
mctl 
g m\ (3.4) 
By designing 丨 gm\ « 1, f-MB can be pushed to an ultra-low frequency that is 
predictable by (3.4). Moreover, since C…is large and M2 is small in size, the A C 
current from M2 is negligible and will not affect the rejection of the D C photocurrent. 
Conversely, according to Eq. 3.4, the design of the E A is crucial in determining the 
lower-band/3仙.So sub-threshold operation is required at input diff-pair of the E A 
to minimize g阶 and R02 and C…have to be maximized to lower ⑴“厂. 
29 
CHAPTER 3: TRANSIMPEDANCE AMPLIFIER DESIGN 
The implementation of the above structure is shown below: 
VREF 
Fig. 3.9 The schematic of the proposed structure in Fig. 3.8. 
Here, since g,„2 has to be kept small to generate the very low frequency pole, the 
nanoampere current generated by Mj is insufficient to cancel the original amount of 
D C photocurrent generated by the PD, which is in microampere range. Hence, Ij is 
manually supplied through the current mirror M/,, and M/,2, and together with they 
are used to cancel the current generated by the PD through the current mirror M, and 
Mai. However, the major problem with this implementation is that the amount of 
current to be rejected needs to be known in advance to manually supply the correct I小 
In practice Ij changes according to the power consumed by the LED and in later 
version, the LED might have to be modulated by various duty cycles (5 percent to 20 
percent) to reduce power consumption and for better peak detection. So a fixed Ij is 
not feasible. 
Somehow, a dual loop system is required, one loop for pushing the pole to low 
frequency location, and another for self regulating the DC photocurrent rejection. 
The circuit in Fig. 3.10 meets this requirement. M,, M , M", TIA and the EA still 
performs the pole lowering operation. On the other hand, current mirrors Ma-Mi, 
Ms-Me and M-j-M^ senses the D C photocurrent generated by the PD and feedback the 
current to be cancelled through M,.„. 
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Fig. 3.10 Dual loop circuit for performing pole lowering operation and self-
regulated D C photocurrent rejection. 
3.2.2 Operating principle 
The operation of the self-regulated D C photocurrent rejection loop goes as follows: 
/似3 has to be much greater than /綱（/似3 » Im^) in order for most D C current to be 
cancelled through M^. Concurrently, A C suppression is needed in the current 
rejection loop to prevent signal cancellation at AS a result, multiple low 
impedance paths are required to dissipate A C component to ground. This is 
achieved by squeezing very small amount of current (50 to 500-nA, thus very small 
through very large transistor (to generate large parasitic capacitor for filtering)-
Mv-Mg and Mi-M^". However, in the actual design, the second zero location 
generated by the self-regulated D C photocurrent rejection loop is not low enough 
(the first pole is generated by the pole frequency control loop going through Rf, EA 
and M2); hence, there is a 3-dB A C suppression near the vicinity of lower-bandin 
the overall frequency response. Ideally, this pole (it is a zero looking at the output 
impedance of Voi, pole otherwise) generated by the self-regulated rejection loop 
should be designed such that it aligns with the attenuation curve of the signal taken at 
the drain of M2, as shown in Fig. 3.11. With this design, though g^ ai is 80 times of 
g^ x to reduce power consumption, using C爪=165-pF, and g…2 of 757.5-nA/V (W/L = 
0.5/90)，and Q = 7.19-pF (W/L = 320/120) to push the zero location to low enough 
frequency, an effective capacitance of 705-pF is implemented to push the pole to low 
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Fig. 3.12 Small signal diagram of the circuit in Fig. 3.10. 
Here are the parasitic components: 
> ； ! = 〜 + g…I 二 C…=C识,+ Cd妙 + C办1 + C 一 (3.5) 
7 3 = => C^, = C + C^ (3.6) 
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Frequency (Hz) 
Fig. 3.11 Illustration of zero generated by the self-regulated rejection loop (the 
pole in Im\, bottom) results in 3dB drop near the vicinity of the lower-band/s^g in Ir丨 
(top). 
3.2.3 Development of the analytic model 
Below (Fig. 3.12) is the small signal diagram of the dual-loop TIA. 
CHAPTER 3 : TRANSIMPEDANCE AMPLIFIER DESIGN 
frequency location (300-Hz). A factor of 8 times reduction in capacitor size. Thus, 
transistor Mi is extremely effective in compensating for the increase in (gjg,„\�and 
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Y =SC ,+g ,+C “ 










Y =SC , + 2 ^^C =C , +C , 
P6 P6 O W5 P6 5 ^.V6 C/TF 4 
= SCpi + ^ 二 c . , + C., + C 胁 
>；丨-1/凡丨 
r, = sc, + xjR, 
Now, with all the parasitic information included, we are ready to proceed with the 
SFG analysis. Since the theory of SFG has already been addressed extensively 
elsewhere [13]-[14], [29], readers are encouraged to consult these for further 
information. The SFG with feedback is superimposed on the circuit schematic in 
Fig. 3.13. From it, we see that SFG helps with the visualization of signal flow and 
dynamic behavior within the circuit. To help with simplification, the SFG is 
redrawn in Fig. 3.14 and 3.15 to highlight the feedback loops in the circuit. The 
circuit contains four feedback loops: Z.,, the transconductance feedback that is 
associated with the common-gate configuration of M^ and M4, L:, the feedback loop 
that extends from the input terminal (source of M3) through the self-regulating D C 
photocurrent rejection loop, which includes current mirror M3-M4, Mj-M, and A/y-M, 
M\-Mai and the feedback elements in the TIA, Z^ , the self loop that is very similar to 
L2 but excluding the input terminal, and L头,which is the feedback loop that extends 
from the negative input terminal of the TIA to the EA, M2, M-M", namely, the loop 
that enables the low frequency pole. The presence of multiple loops makes this 
structure difficult for analysis using conventional feedback techniques. 
The transimpedance gain of the circuit with feedback loop can be determined using 
Mason's direct rule. The basic expression is 
〜 力 = 〜 
1_(人丨仏+,3仏）+ (丄人+人A) 
where P、is the forward transmission path from /,„ to 
(3.15) 
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\ y n b ^ p l ^ n A ~ i s m4 S mh4 ^S mf)S m^S mcll - ^vl ) 
" 4 
and loops L,, Lj,丄3 and 丄4 are given by 
L = 
^S m4 + S > 
u = 
^iy\ ^pi ^pA - (<§"m4 S mbA meS miiS nicil - § m4 ) 
L = 
S m4 S m(yS mH S met I 
Y Y Y (Y +Y ) 







S m4 + S mh 4 ^^ 
Fig. 3.13 SFG with feedback is superimposed on the circuit schematic. 
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Fig. 3.14 Redrawing of the SFG in Fig. 3.13, 
) • ) • ( 
Fig. 3.15 Simplification of the SFG in Fig. 3.14 to highlight the feedback loops 
in circuit. 




b y + b,s + b‘、 
a,s + + a,s + a. 
(3.21) 
where the coefficients are given by (details in Appendix A and CD-ROM) 
bl — 0 . 5 • C^R^^ ( — ^ S4TbHCTL )S\51 Sm\ (Sml^p\Sm5 ^plSm]§r 
K , 
(2容„3,容丨57 ~ S4T6HCTL )] 








4T(、XCTL 八 f (C, +C尸 
“2 — ) [<§^157 + ^ p\§ f ^ pi S p\Sm'i ) S n,\ i S m l ^ p\Sn,5 ^ plSmlSm 
S4T6?.CTL^ 
Rf 
- ( D ) S ^Tf^'^CTL^ f wcoS ml^ f^vl 
R � 
where g,57 = g川3, = g,«3 + g ^ c n = g,”4/ g,«6 gmclh and 二 gm4 + g,.h4. 
At DC, the transimpedance gain is 
. . , S f ^ S m-it^^S ~ S ATMCTL^ 
L ( O ) = \ 二 R 丨 (3.22) 
^ in “0 S m2§ milS mct/'^vl (<^157 S AT6HCTL^ f ) 
To verify the accuracy of Eq. 3.21, four designs with different sets of transistor and 
opamp parameters were used. These circuits were simulated in SPICE and then 
small-signal parameters were extracted and substituted in Eq. 3.21. The analytic 
and SPICE simulation results are plotted together in Fig. 3.16. The results are in 
excellent agreement within 1-dB and validate the initial approximations made in the 
small-signal circuit. Nevertheless, the simulated results deviate from the ideal case 
and Eq. 3.4, in that the lower-band f、犯 should remain independent of the input DC 
photocurrent. Actually, f.^dB varies from 32.6-Hz to 251-Hz, and g,„2 varies from 
106.3-nA/V to 838.5-nA/V for different amounts of Ij, in simulation. Possibly, the 
error voltage integrated by the EA is slightly different for each and is proportional to 
Ijc due to differences in DC level of Foi; hence, a range of control voltages are 
generated for different which result in different g,„2. Fortunately, a tuning 
mechanism for the lower-band f.^jB is established by means of varying the amount of 
DC current through the natural behavior of the circuit. Since Eq. 3.21 is large and 
cumbersome for design purpose, a simplified set of equations are required for design 
and optimization. The following section is devoted to model and noise derivation. 
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Frequency (Hz) 
Fig. 3.16 The plot of system transfer function from analytical simulation vs. 
SPICE simulation result for comparison, for different levels of D C currents. 
3.2.4 Derivation of frequency response 
The first zero can be obtained by the following (see Eq. 3.21); assuming that h： « 
br. 
K 
^ 1 , 
S m\S\57 S mil ~ ‘ “ S mil ) iS mil S\57 ~ § 4T6HCTL ) 
0^1 K 丨 
^ S mil ) i§ mil S 157 ~ S 4TMCTL 
K, K�� 
Kl^n (3.23) 
To calculate the first lower-band /】舰 we compute the output impedance at V02 by 
using the SFG of Fig. 3.2, which is shown below in Fig. 3.17: 
Fig. 3.17 SFG of Fig. 3.9. 
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Fig. 3.18 Simplified SFG from Fig. 3.17. 
Assuming R � � » R,, we have on the upper path of L,, R^ AJ Ro�, which gives 
I , rU 尺,人+尺⑴ 
R ^{R. R 
R R 
,sr • . + 
R 
、丫 • R 
\ 
Fig. 3.19 Simplified SFG from Fig. 3.18. 
( / ( / A 
〜、“〜。X R X 
f ’ 丨 + 
O A 
n A 
1 + sR s 
Fig. 3.20 Simplified SFG from Fig. 3.19. 
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Fig. 3.21 Schematic representation of the SFG in Fig. 3.20 a) complete, b) 
lumped model. 
From the lumped model in Fig. 3.21, the equivalent RC can be found: 
R.A^g 
11 / y2 0 met I 
I q 
CO , = 二 ： = ^ G 24) 
^eq ^ eq ^ ^^OlS m\ 八(>2�爪 
‘“e ，A ,R‘R,�, + R,、，g , 
O mcllcy ni2 V2 / 02 02 O AW I 
From ⑴and we can see that the first set of pole and zero tracks each other by 
Rq2 and C,„ and they differ by a factor of Rj Agmcn (gmi / gm\)- This ensures constant 
D C attenuation and compensates for process variation. 
The second zero can be found by knowing the numerator and the first zero: 
I J 1 1 2 
N{s) + = + —)(1 + = + s{— + ——）+ ( ， 
b“ b‘� CO� CO� co^, 0),^ co’�co z2 
b. 1 1 
,and CO , 二 
b‘� co_�co� ‘ R,��C 02 
CO.. 二 凡 ’ (Sn,3iS]57 ~ S 4T6S<CTL 
^p]Sl57 (Sm3iS]57 ~ S4r6HCTL ) S n,l ^ pjS n,\S S\57 ~ S 4T(>HCTL 
From €0,2, Qi, gmi gms and g,„i gms should be designed as large as possible to 
align the second zero with the roll-off of frequency response in Fig. 3.11 and 
minimize A C suppression near the vicinity of the lower-band f—細.The factor 
g\5i - g^mcTL has repeatedly appeared and optimization based on it can be performed. 
Since the denominator is a third order polynomial, there exists a complex pole: 
(3.25) 
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Fig. 3.22 Dual-loop transimpedance amplifier with noise sources. 
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D(s) = + = co, + � + col) 
以 3 Q 
R,A，G 
/ v2 ml 广 CO W =-^,and co ^ 




Sm\ SmS Sml ^ p\S mS ) ^Sml ^ p\Sm5 ^plSm\S wS ^ ^^p\S\ 57 S m$ + C�“g-y 微,几尺 f ) 
1 (3.26) 
(C+CJ^. 
After some manipulation (details to be found in Appendix B), Q is found to be 
a,CO -a^co co , 
0— 丨 2 o pi 
- ； 以2乂 丨〜 
Therefore, to keep Q factor small, it is preferable to push cOo very far away from 
frequency of interest (increase co。) and make smaller. This is achieved by 
reducing Q,, C丨沟’ C, and C丨 
3.2.5 Noise derivation 





i K M I -
Fig. 3.23 SFG of dual-loop transimpedance amplifier with noise sources 
From 人3’ Indh and I„amp\'-
«3 
2 
+ / 2 -
vlSmet! ^  f 
m " _ in � A / P I — M 也C丄、RM机 
‘ + 1 ncll ^ nAMI>\ (3.27) 
Since the contribution from the current sources /„3,1and I„amp\ are identical, they 
can be analyzed together. This equation tells us that at DC, the noise contribution 
from these sources are infinite. Transistors M、and M d contribute most of the 1/f 
noise. For that reason, to minimize the 1/f noise, gAn?,cTL in b小 g,„�, and C…should be 
increased and g,„2 should be decreased. 
From 人4 and I„s 
nS 
？02C 
02 m + S mctlS m}>tS ml-^vl^ f 
I ？02C 
U2 m + S mctlS m^tS ml-^vl^ f 
nS (3.28) 
Essentially, this equation tells us the noise contribution of J„4 and /,,5 are negligible 
at low frequencies (except for the noise source itself) and is constant (g,„3t / g,n4t) 
throughout most of the passband because the numerator and denominator cancels 
with each other, so the net increase in noise is zero. 
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Noise transfer function is derived from the SFG in Fig. 3.23 to arrive at the 
analytical noise model. Partial derivation of the noise transfer function for each 
source is attached in Appendix C in this thesis and in CD-ROM. 
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From and l„i 
n6 + 1 
S m3tS mS 
Sm4t Sn 
(C + n1 . (3.29) 
Identical to I„4 and I„s, the noise contributions of l„(、and 人口 are constant throughout 
the passband and are minimal at low frequency. 
From /„,, I„2 and /,,8 
''.+1\ . + J , 
nn in nl in n I 
ni3t S m5 Sml S ^ 02 m ‘SmifSmsSmlSmlSnjcil'^vl^J 
02 m ‘S4T6><SmlSmctl ^ / 
(/:丨+0/二）(3.30) 
Again, similar to the previous analysis (I„4 and 人5), the noise contributions of /„,, 
and /„8 are negligible as well and are constant (g^ 3t g,„5 gmi / gmAT6%) throughout the 
passband. 
From I, nRf 
nRf 
HA2C上，+ g 丄 乂 八 2 尺 , 
nRf (3.31) 
Similar to the previous analysis (/„3), the noise contribution from /""/ is infinite, and 
together with transistors M^ and M^/, contribute most of the 1/f noise within the 
system. Therefore, to minimize the 1/f and low frequency noise, gAn^cn in b小 g,„i, 
and C,„ should be increased and should be decreased. 




The noise transfer function from I„amp2 to I„amp2 m resembles the previous analysis 
( / „ 3 ) , in that the noise contribution from I„ampi is infinite, and together with transistors 
M3 and Mai, contribute significant amount of 1/f noise. Accordingly, to minimize 
the 1/f noise, g^n^cTL in b^^,細，and C,„ should be increased and g,„2 should be 
decreased. 
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Total input referred noise 
The total input referred noise of the dual-loop TIA is given by the sum of the 
individual contribution f rom each component (Eqs. 3.27 through 3.32): 
/ _ T2 J2 J2 J2 J2 , j2 , j2 r 2 r 2 j l 
.'Ola/ — ^ nS_m 卞 ^ nl_m 卞 ^ n\Jn 卞 ^ ni in 卞 ^ net! in 卞义 nAMP、— in 十 ^ n'X_in 十 ^ nS in 十 ^ 十‘‘nl in 十 ' + 
where 
b.�= 
4 厂 68C7Z 
Sm3>t S 157 
g m2l /I Satmctl \ 
I//? 
S mi! / f S mllS\51 





O m3f \ R <5 4r6HCTL , 
K = 5.1 e-27 for N M O S and 8.5e-27 for 
PMOS, which are process specific, and k = 1.38e-23. 
In the noise calculation, both 1/f and thermal noise are included in the noise source 
since 1/f noise dominates in the low frequency region, which is the operating 
frequency of the circuit. From Fig. 3.24, M^, R/ and Mai contribute the most noise 
across a wide range of frequency while A/, contributes a significant amount of noise 
in the passband at 4 = 30 juA. 
w 10‘ 10' 10 
Frequency (Hz) 
10" ID 
Fig. 3.24 Input referred noise of the individual transistors and opamps (at /,/, 二 
丨0 juA) within the dual-loop transimpedance amplifier. 
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Fig. 3.25 
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The input referred noise from analytical simulation result and SPICE 
simulation result are shown together. 
However, when this analytical result is compared with the actual schematic 
simulation in Cadence using Spectre, a discrepancy in the noise behavior is observed 
with the change of one of the parameter — R,. Theoretically, according to Eqs. 3•27, 
3.31 and 3.32, an increase in noise is predicted with the increase of R, (an extra Rf in 
numerator); this is certainly not the case with the schematic simulation using Spectre. 
Possibly, a mistake is made in the derivation of the noise transfer function of Ms, R, 
and error amplifier. At the time of thesis writing, this issue still is still under 
investigation and hopefully a correction can be made in the near future. 
Nonetheless, the 1/f noise trend in Fig. 3.25 is predicted very accurately by the 
equation, however as frequency increases, the analytical result deviates from the 
simulation possibly due to approximation error at higher frequency. This is not an 
issue here since wc are mostly concerned with the noise behavior of the circuit al 
frequency less than 5-KHz. 
From Eqs. 3.23 to 3.26, and the noise equations, design optimization can be 
performed and deeper understanding of the system can be gained through studying 
this set of equations. 
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3.3.1 Off-chip capacitor TIA 
The micrograph of the off-chip capacitor TIA is shown in Fig. 3.27. The size of 
just the off-chip capacitor TIA is about 451-^m x 600-|Lim and occupies an area of 
about 0.27-mm^. It operates from a 2.5-V supply and consumes about 149.6-fiW of 
power. Extra care is taken in laying out the large C" such that parasitic impedance 
from the signal path to the bottom plate of the capacitor is minimized. In addition, 
components are placed as close to each other as possible to minimize length of signal 
path. The test fixture in Fig. 3.28 consists of a DC blocking circuit with bias, 
opamp, transistor and resistor in the source follower configuration, which forms the 
current source generator and timer (74HC4538N) to generate the necessary clock 
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3.3 Implementation and experimental results 
In this section, the measurement result and implementation details from the off-
chip capacitor TIA and the dual-loop TIA are presented. Both circuits are 
implemented in A M S 0.35卞m C M O S technology and Fig. 3.26 shows overall 
micrograph. The measurement results of the overall system in Fig. 2.7 and the CS-
LPF will be revealed in latter half of Chapter 4. 
Micrograph of entire chip. Fig. 3.26 
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waveforms for the LED driver and the S/H. The input can be switched between the 
current source and the actual sensor unit (Waitrony RS-05FS). Variable amount of 
DC current is generated by varying the values of Rj in the fixture. In all the testing 
of the off-chip capacitor TIA, the LED is pulsed at 100-Hz with a 10% (900-|is every 
10-ms) duty cycle. And f,ik in S/H is about 100-Hz as well (700-|LIS every 10-ms). 
The sampling pulse occurs within the onset of the LED pulse. 
Fig. 3.27 Micrograph of off-chip capacitor TIA. 
Osc. 
Fig. 3.28 Test fixture for the off-chip capacitor TIA. 
Measurement results 
Fig. 3.29 gives the output of the off-chip capacitor TIA during start-up, which is 
taken at the S/H when the finger is placed onto the sensor unit. A disturbance is 
introduced to the system as the finger is placed onto the sensor; hencc the overshoot 
in voltage level and the feedback mechanism starts to perform regulation of DC 
output biasing point and set the output to the correct level. The signal settles at 
1.259-V and the settling time is about 1.68-s, which is reasonable since the circuit 
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operates at very low frequency. The inset shows the zoom in version of the settled 
signal. 
溯 應 細 慮 細 0.00s l .CX te/ ' StoD 1 1.18V 
M A ' i A & m i m m m , - r 0.009 l.oos/ stop f l ^ i.ssv 
Fig. 3.29 Output of sample-and-hold circuit during start-up and the signal 
settles at 1.259 V. Settling time is about 1.68s. 
Fig. 3.30 shows the output waveform at the off-chip capacitor TIA, together with 
the clock waveform. The voltage waveform in Fig. 3.30 shows charge leakage in 
the switches of the S/H circuit as a result of insufficient C". This can be relieved by 
using a larger C", proper switch size and lastly, a high order lowpass filter to 
eliminate the high frequency spurs. Fig. 3.31 portrays the frequency response of the 
off-chip capacitor TIA. Only highpass response is shown here because only the 
lower-band f_碰 is concerned here and the upper-band f_細 at 15-MHz is not important. 
The highpass response is given by Eq. 3.3, which is the result of using a 240-nF off 
chip capacitor. There are two curves in this figure that corresponds to D C current 
of 5.8-}iA and 22.0-)iA, respectively. For I血=22 and 5.8 |iA, the cutoff 
frequency are both 0.6-Hz. And these corroborate with the simulation results in Fig. 
3.5 very closely. 
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Fig. 3.30 Output waveform at the off-chip capacitor TIA, together with the 
clock waveform. 
Fig. 3.32 illustrates the D R of the off-chip capacitor TIA. As can be seen from 
the figure, the D R is extremely limited and the T H D is quite high. Nonetheless, not 
all are lost since a lowpass filter with very low cutoff frequency follows this off-chip 
capacitor TIA to attenuate the high frequency spurs from modulation and also the 
undesirable harmonics. Hence, signal integrity is preserved. 
30 L 
10. 10.1 11/ 10' 
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irj 
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Input voltage (mV) 
D R ofTIA only at Ij, = 3 ^ A. For a 10-dB S NDR 
the D R is about 13.97-dB. 
17.8% THD), 
3.3.2 Dual-loop TIA 
The micrograph and the aspect ratios of the dual-loop TIA are shown in Fig. 3.33 
and Table 3.2. The circuit is about 746-|Lim by 902-|im, occupies an area of about 
0.67-mm^, and consumes about 155.8-|^W of power from a 2.5-V supply at 4 = 20 
f^ A. Extra care is taken in laying out transistors with very small aspect ratio (M；, M^ 
and M2) using common-centric and very long transistor is divided into several shorter 
transistors. In addition, components are placed as close to each other as possible to 
minimize length of signal path. The test fixture is shown in Fig. 3.34, which is very 
similar to the test fixture used to measure the off-chip capacitor TIA. In the 
following section, measurement results from 2.5-V is presented. 
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20 
(mF5)比
 a N W 
Fig. 3.34 Test fixture for the dual-loop transimpedance amplifier with DC 
photocurrent rejection. 
50 
Micrograph of the dual-loop TIA. 
Loop component (refer to 
Fig. 3.10, all units in jim) 
TIA opamp (refer to Fig. 
3.3a, all units in fim) 
EA opamp (refer to Fig. 
3.3a, all units in |im) 
M,,/ = 200/4 M’2= 16/2.8 M’2 = 0.8/8.4 
M, =2.5/4 M3,4 = 2.75/ 1.8 M3,4= 1.8/11.2 
M 二 0.5 / 90 Ms = 4.3/ 1.4 Ms: 1.4/4.2 
Mj = 280.5 / 1.2 Ms = 31 /0.75 M6 = 20/3.6 
M4 = 25.5/ 1.2 M7 = 46/ 1.4 A/7 = 2.9/4.2 
风二 34 / 2 M8 = 4.1 /1.4 风=4.1 /4.2 
Me = 64.6 / 2 Mrc = 300 / 0.7 
Mj = 320 / 120 Cc 二 2-pF Cc= 164.8-pF 
风=5/ 120 
Table 3.2 Aspect ratio of the dual-loop TIA 
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Measurement result 
The lower-band/3仙 in Fig. 3.35 ranges from 372-Hz down to 0.47-Hz, for input 
D C currents from 110-|iA to 2.7-|nA, respectively. The gain of the TIA is about 
63.5-dB, which is consistent with simulation result. The TIA is clearly working as 
different cutoff frequencies and attenuations are obtained. These waveforms 
corresponds to the circuit simulation as can be seen from Fig. 3.36, in that the zero 
generated by the photocurrent rejection loop at 83-KHz and the complex pole 
generated by Eq. 3.26 at 163-KHz are visible. Also, throughout most of the 
stopband and passband, the simulation and measurement results are in good 
agreement within 1-dB of each other, except at higher frequency (great than 20-KHz) 
where the peaking is severe. Nevertheless, it is not critical for this application since 
this range lies outside of the operating frequency of the circuit. 
Fig. 3.37 is shown to illustrate the relationship between the lower-band f_滅 and D C 
photocurrent. The circuit can be seen as a bandpass filter with a four orders of 
magnitude of tuning capability in its lower-band, as controlled by /如 The extended 
range of tuning is achieved by transistors in D C current rejection loop operating in 
the sub-threshold region. Normally, Mj, M,,i and Mj operate in saturation region 
while the rest of the transistors operate in sub-threshold region for > 15 |LIA, as 
shown by the square root relationship between the lower-band /_瑜 and D C current 
( g j V^)，which implies saturation operation. This makes sense since M,, M,,i 
and Ml dictate the lower-band f.^B (see Eq. 3.4). Moreover, M, and M,,i operate in 
sub-threshold region during simulation for /山.<15 |LIA. In actual operation, M, and 
Mai are believed to have generated the expected sub-threshold g^. Conversely, M j is 
standalone in the layout with no other components to track with, its g…can either be 
in sub-threshold or strong inversion operation, which is process dependent and 
cannot be simulated accurately with Spectre. Fortunately, process variation works 
in our favor and M j operates in sub-threshold operation, which leads to the extended 
tuning range. This can be seen from the inset (g^ oc ), which implies sub-
threshold operation. Consequently, with this dual-loop technique, an effective 
capacitance from 1.13-nF to 73.1-nF is implemented to push the pole in Eq. 3.4 to 
low frequency location (from 0.47-Hz to 372-Hz). A factor of 443.6 times 
reduction in capacitor size compared with the existing technique using Eq. 3.3! 
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This phenomenon is justified by /也=2.7 |dA in Fig. 3.37, in which the experimental 
result and the analytical plot are in excellent agreement within 1-dB. g…2 in this case 
is 0.82-nA/V, much lower than the lowest g^ in simulation. The analytical plot, as 
said before, is generated by using Eq. 3.21 and setting all transistors in sub-threshold 
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n is the sub-threshold 
drain current and 1也)is 
the Appendix D. 
80 
slope factor, Vj is thermal 
the characteristic current. 
(3.34) 
voltage, Ius_wi is the sub-threshold 
More information can be found in 
Fig. 3.35 
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Frequency (Hz) 
10 
Frequency responses of TIA with various amounts of D C photocurrent, 
which result in various lower-band/31 
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Fig. 3.36 Plot of measured result of frequency response vs. simulated results. 
Measured result (solid line) and simulated result (dashed line). 
20 40 60 80 
Input DC current (uA) 
Fig. 3.37 f-MB vs. D C photocurrent. The circuit operates in saturation region 
for 15 |LiA and sub-threshold region for I血 < 15 |iA. Inset: Zoom-in of linear 
relationship that provides clue as to the extended/s业 for I如 < 5 juA. 
Linearity information is recorded for three different frequencies across different 
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Fig. 3.38 FFT of a 500-nA signal, with = 5 |LIA,/„ = 17 Hz. The T H D is 
about -49.4 dB (0.34%). 
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Frequency (KHz) 
300-Hz corresponds to low frequency neural photonic signal and finally fi„ of 17-Hz 
corresponds to physiological signal. For 1-KHz and 300-Hz signal, the linearity 
information from 110-|JA down to 30-|LIA are recorded, and for 17-Hz signal, the 
linearity information is recorded below 30-|LIA because it is assumed the power 
consumption of L E D is reduced. 
For physiological signal < 20 |uA, and low frequency input - 17-Hz), such as 
Fig. 3.38, 3.39 and 3.40, since A C current signal does not vary much from person to 
person, as shown from results in Chapter 4, D R is not important to the application. 
For small input amplitude, spurious-free dynamic range (SFDR) > 40-dB is adequate 
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Fig. 3.40 FFT of a 50-nA signal, with I血 二 2.5 = 17 Hz. The SFDR is 
about -33.2 dB. 
For neural photonic signal and hearing aid signal (/汝 > 30 |iA, and higher 
frequency input - 300-Hz and 1-KHz), such as Fig 3.41 and 3.42, both the linearity 
and D R are important. For Fig. 3.41, the T H D is about -48.7-dB for an /厂人=1.25 
jiA, with Idc 二 30 |iA, which is sufficient for this application. The system performs 
reasonably well for large input signal as well, as can be seen from a SFDR of-48.2-
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FFT of a 400-nA signal, with I如=2.5 = 17 Hz. The THD is 
about -44 dB (0.63%). SFDR: -47.8-dB. 
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Fig. 3.41 FFT of a 1.25卞A signal, with U = 30 |LIA,/„ = 300 Hz. The T H D is 
about -48.7 dB (0.37%). 
dB in Fig. 3.42. The T H D vs. D C photocurrent for 3 different frequencies is plotted 
in Fig. 3.43. At in-band frequency (1-KHz), the T H D is quite high across all DC 
current and becomes low at frequency closer to the lower-bandfj^ (17-Hz and 300-
Hz). However, if SFDRs are compared, they are almost the same. Probably, the 
noise floor at 1-KHz is higher than that at 300-Hz due to high frequency component, 
which contributes to a worst THD. Finally, the SFDR vs. input A C current for I血= 
30 |LIA is plotted (Fig. 3.44) to illustrate its DR. For a 3% THD, the D R is 
approximately 50.4-dB. Since the system is not optimized for DR, this result is 
satisfactory. Both the linearity and D R can possibly be improved by increasing the 
forward transimpedance gain (Rj) to increase the peak magnitude of the tone (to 
increase the SNR) and by minimizing the head room in the output stage of the EA to 
increase swing. 
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Fig. 3.43 T H D vs. input D C photocurrent for input with different人.For 
1 KHz and 300 Hz, /,_ = 1.25 |LIA and f o r 1 7 Hz, I— = 403 nA. 
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Fig. 3.42 FFT ofa2.56-|nA signal, with = 30 |iA,人=300 Hz. The SFDR 
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Fig. 3.44 SFDR vs. input to show D R at I血=30 ^ lA. For a 3% SFDR, D R is 
about 50.4-dB. 
To demonstrate the functionality of the D C current rejection loop and the entire 
circuit, a sinusoidal current source is fed to node /", of Fig. 3.10 with a variety of Ij,. 
And sinusoidal voltage outputs are recorded in Fig. 3.45a) and b) to confirm 
consistency and functionality of entire system. of signal is about 300-Hz and 
these signals are filtered off-line again with a cutoff frequency of 400-Hz to remove 
high frequency noise. Clearly, the circuit is working as all output settles to about 
1.251-V. Henceforth, the proposed circuit can remove the D C offset properly and 
hence increases D R of the system. 
Biological test result is also obtained by placing the sensor unit onto the forehead 
with LED operating at full power (4 = 60 fiA) to record hemoglobin oxygenation at 
the frontal lobe. Since the initial result in Fig. 3.46 is full of high frequency spur, an 
off-line filter with cutoff frequency of 10-KHz follows the dual-loop TIA to producc 
this waveform. This is the preliminary step for gathering information used in NIR 
spectroscopy [30 
obtained from「15 
The waveform recorded from this circuit matches those 
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b) 
Transient waveforms with different /汝 to demonstrate consistency and 
functionality of system, a) from 10卞A to 110卞A, and b) from 0.5卞A to 5.0卞A. 
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Fig. 3.46 Transient waveform (two periods) - obtained by further filtering the 
output with 10-KHz cutoff. 
The input noise spectral densities of the circuit for two different /女 are shown in 
Fig. 3.47 and 3.48. Fig. 3.47 corresponds to the noise level of the circuit at /"〔 = 5 
fiA, whereas Fig. 3.48 corresponds to that at /女=20 (lA. The 1/f noise is predicted 
accurately by simulation, analytical calculation and measurement results. For Ijc of 
5-fiA and 20-)iA, the input referred integrated current noise from 60-Hz to 5-KHz 
and 150-Hz to 5-KHz are about 35.6-nArms-and 34.7-nArms, respectively. This is 
adequate since input A C current is typically about a few hundred nano-amperes and 
sufficient SNR is guaranteed with this figure. This figure can be further improved 
by increasing C,„, R!, using P M O S input diff pair for the EA, and maximize the W 
and L of each transistors to lower the 1/f noise. Table 3.3 summarizes the 
performance of the dual-loop TIA with DC photocurrent rejection. 
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Fig. 3.48 Input noise spectral density (current) of TIA, with Ij, = 20 jiA. 
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Fig. 3.47 Input noise spectral density (current) of TIA, with /论=5 uA. 
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CHAPTER 3: TRANSIMPEDANCE AMPLIFIER DESIGN 
Technology 4M/2P0.35-|Lim C M O S 
Supply voltage 2.5 V-2.0 V 
Core circuit area 0.67 mm^ 
On-chip capacitance = 7.2-pF 
164.8-pF 
Power consumption 272.5 ^ iW (/汝=60 |LIA) 
155.8 )iW (/汝=20 ^ A) 
111.65 |LIW ( / , , = 5 ^ A ) 
104.3 liW (/,/, - 2.7 ^lA) 
Minimum lower-band/]"" 0.47-Hz (/,/, = 2.7 |LIA) 
Maximum lower-band 372-Hz 110 |iA) 
Transimpedance gain 1.6 K H 
Input Integrated noise (1 to 5-
KHz, = 30 iLiA) 
5 3 . 6 - n A r m s 
Dynamic Range (3% THD, h, 二 
30 |iA) 
50.4-dB 
Table 3.3 Performance summary of the dual-loop TIA. 
3.4 Summary and comparison 
Two transimpedance amplifier (TIA) ICs fabricated in 0.35-|Lim C M O S technology 
were presented in this chapter. The first one was a TIA with S/H in the feedback 
loop to perform average level detection of a pulsating PPG signal and rejection of 
various amounts of D C photocurrent. It achieves a lower-band f 她 that ranges at 
about 0.6-Hz. The LED is pulsed at 100-Hz with 10% duty cycle, the sampling 
period occurs within the LED on time and the hold period is 9-ms. This TIA works 
properly as the result section has shown. The second one was a dual-loop TIA with 
D C photocurrent rejection for continuous time multi-parameter (hearing aid, neural 
photonic and physiological signal) application. It can reject D C current from 2.7-
|LIA to 110-|iA, and achieves a lower-band f—儘 from 0.47-Hz to 372-Hz without any 
external components, which is equivalent to 443.6 times reduction in capacitor size. 
It consumed 155.8-|LIW and 109-|nW from a 2.5-V and 2.0-V supplies, respectively. 
With a 20% reduction in voltage supply, the DC operational range of the dual-loop 
TIA worsens due to headroom problem in DC cancellation loop and insufficient 
swing on the part of EA's second stage in the pole lowering loop. A comparison 
table with other biomedical front-end designs and capacitance multiplication 
techniques is summarized in Table 3.4. 
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To illustrate the efficiency of the Active Miller capacitor multiplication technique 
of various circuits, a multiplication factor (M-factor) efficiency is computed, which 
is given by the following: 
M - Factor Efficiency power 
Multiplication factor 
[20], [28], [31] and this work are compared because they require an opamp in 
feedback loop with very large active Miller component. This shows that our work 
achieves an M-factor efficiency that is 9.13 times of [31] and 16.3 times of [28:. 
Although not the best, this is the highest multiplication factor achieved for the 
amount of current consumed for biomedical application. Thus, this circuit topology is 
proved to be unique and versatile for NIR sensing application. 
The dual-loop TIA with D C photocurrent rejection is the first fully integrated 
transimpedance amplifier ever presented for biomedical application that 
accommodates input of diverse nature. It has the widest frequency tuning range, 
from a few tenths of hertz to hundreds of hertz, in its lower-band f.^ B^- While for 
most of other circuits, the lower-band is fixated by the value of its pseudo resistors 
10], [15], [31]-[32]. The circuit's performance is predictable and is less process 
dependent compared to its pseudo resistors counterpart [15]. The system can 
operate with a wider range of D C operating points as well compared to [16] and with 




































































































































































































































































































































































































































































































































































CHAPTER 4 : ULTRA-LOW CUTOFF FREQUENCY FILTER 
DESIGN 
In this chapter, we present an ultra-low cutoff frequency filter using current steering 
technique (CST) that fulfills the requirement in Chapter 2: accurate/？“万，compact and 
reasonable power consumption. To verify the functionality of the proposed circuit, 
this lowpass filter is realized and become part of the signal processing chain, together 
with the off-chip capacitor TIA in Chapter 3 to form a complete physiological signal 
(such as PPG) acquisition system. Simulation, measurement and experimental results 
will be presented. 
4.1 Current-steering lowpass filter (CS-LPF) 
To arrive at a lowpass filter architecture with ultra low cutoff frequency, robust 
performance and compactness, active-RC implementation is preferred. Fig. 4.1 is an 
R-MOSFET-C filter from [26], which satisfies this requirement for adaptation. This 
fully-differential filter structure is part of the 22-KHz fifth-order Bessel filter for 
audio application. Not only does this filter exhibits low distortion because of the 
current-steering transistor inside the feedback loop, but also it has the potential to be 
realized as a tunable filter with the current division network [25], and evolves to an 















Fig. 4. R-MOSFET-C first order filter. 
The architecture of the first order CS-LPF is given in Fig. 4.2a together with the a 
block in Fig. 4.2b. The actual implementation is shown in Fig. 4.3. For our 
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application, only single-ended version is sufficed. The new transfer function is given 
by the following: 
A � = -Rf/R. ( 4 . 1 ) 
where a < 1. Therefore, the -3-dB frequency is 
/ 巧 2成C (4.2) 
a is given by: 
^fa = I d\ 
I (11 







V r e f 
a) b) 
a) Top level of schematic of CS-LPF, and b) schematic of a block. 
OUT 
Fig. 4.3 Actual implementation of CS-LPF. 
The a section consists of two transistors, which operate at the triode region and act 
as linear resistors, with identical aspect ratios but different gate voltages to steer 
current. From Eq. 4.3, frequency tuning is achieved by varying the gate voltage, 
which in turn steers the currents that flow from the capacitors to virtual grounds, and 
with this adjustment of gate voltage, the compensation for different process and 
temperature variations is also achieved. By directing less A C current to the feedback 
capacitor, the effective capacitance seen at the non-inverting terminal of the opamp is 
increased by a factor of a. With this technique, a 38-pF capacitor and 17.5-dB gain is 
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implemented to achieve a cutoff frequency from 62-Hz to 1.8-Hz (and even lower)-
an effective capacitive reduction from 500 times to 12,500 times! Nonetheless, for 
the a block to work properly, its location must precede a high impedance node such 
that the A C current would only flow to the ground or the feedback capacitor, and node 
X in Fig. 4.3 would act as the new virtual ground. Again, the opamp is a two-stage 
configuration in [27], with aspect ratio identical to the TIA opamp in Table 3.2. 
The performance of this filter is crucial in alleviating the size of C" in the TIA and 
is very robust under different supply voltages, as shown in the experimental section. 
One short-coming with this filter is its active-RC configuration, which necessitates a 
buffer in its opamp to provide proper loading for next stage. Another one is that, there 
is linearity problem as the current steering transistors exhibit non-linearity because the 
voltages vary at its gate and source as cutoff frequency decreases. Nonetheless, care 
should be taken in choosing V…V/,2, cutoff frequency and the aspect ratio of 
transistors so that the transistors do not operate in the non-linear region of the /山-V丄、 
characteristic curve. The main parameters for CS-LPF are summarized in Table 4.1. 
Frequency cutoff 1.8-Hz-62-Hz 
(W/L) Mi’2 0.8-|nm / 80-|um 
Cf 38-pF 
R丨 and Rf(K⑶ 7 (Ri), 11.2，73.2, and 184.8 
Effective capacitance 48.6-nF- 1.68-|iF 
Gain setting 3.5, 17.5 and 28.4 dB 
Table 4.1 Main parameters of CS-LPF 
4.2 Implementation, experimental and measurement results 
In this section, the implementation details, measurement and experimental results 
from the CS-LPF and the overall system are presented. To verify the functionality 
and the performance of the CS-LPF, the filter has been integrated as part of the PPG 
signal acquisition system. First the measurement results of the filter is given, and 
then followed by that of the overall system. 
The micrograph of the overall system is shown in Fig. 4.4. The size of the CS-LPF 
is about 332-|Lim by 228-jim and occupies an area of about 0.076-mm . It operates 
from a 2.5-V supply and consumes about 78.9-|LIW of power. Extra care is taken in 
laying out the current steering transistors Mi and M : such that they are matched and 
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the signal paths that enter and exit the components are about equal, to minimize non-
linearity. The test fixture in Fig. 3.28 is used for measurement. 
4.2.1 Measurement results for CS-LPF 
The measured frequency responses of the CS-LPF with different values of V^ i (Vhi 
=0.74-V) are plotted together with its simulated response in Fig. 4.5. The current 
steering transistors would work as long as Mi is in saturation and f.^ B can be varied 
through adjusting V/)i of M\. The f.^ B varies from 1.8-Hz to 62-Hz with varies 
from 1.9-V to 2.1-V. The robustness of the current-steering transistors is clearly seen 
by the adjustability of f.^ B- From Fig. 4.5, the measurement result deviates 
significantly from the simulated result (from 1.64 times to 3.34 times) as cutoff 
frequency decreases. Possibly, at lower cutoff frequency, the operation of M, of the 
current steering transistors is highly non-linear and might be in cutoff due to very 
small V^ s- Since Mi is located between the virtual ground and the inverting input of 
opamp, any small variation in its source voltage can change o, a lot from simulation. 
Fig. 4.4 Micrograph of the PPG AFE. 
Figs. 4.6，4.7 and 4.8 show the T H D of the filter with/細 of 3.1-Hz, 5.67-Hz and 
16.4-Hz with lOOm-V—p to be -33-dB, -47.1-dB, and -50.6-dB, respectively. This is 
more than enough for our application and the proposed design has not been 
optimized with respect to this issue. The distortion as a function of cutoff frequency 
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is plotted in Fig. 4.9. The T H D and SFDR are identical at low cutoff frequency and 
deviate at higher frequency {/—mb > 3.1-Hz). This is due by non-linearity at low cutoff 
frequency, which results in strong influence of harmonic tone; whereas there are 
multiple tones of distortion at very low magnitude compared to the fundamental due 
to less distortion at higher cutoff frequency. The worst case distortion is at f.^ B of 
1.57-Hz, which is about 30.1-dB. 
The noise spectral densities for different cutoff frequencies are plotted in Fig. 4.10, 
4.11 and 4.12. The input integrated noises are 235.9, 285.9 and 282.7-|LiVrms for/诚 
of 1.57, 5.67 and 16.4-Hz, respectively. The increase in integrated input noise 
corresponds to an increase in bandwidth, which is illustrated in Fig. 4.13. These 
figures are reasonable since this filter is located at the back-end and the input signal 
power to the filter is much larger than the integrated noise. 
Next, the signal-to-noise plus distortion ratio (SNDR) as a function of the input 
voltage is plotted in Fig. 4.14 to illustrate (DR). With f福 of 5.67-Hz and 1.57-Hz, 
the DRs are about 54.5-dB and 46.6-dB, respectively. The comparison with previous 
works is summarized in Table 4.2. This filter has the lowest f.^ B^ ever implemented 
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73 
1 0 ' 
1 0 ' 10 10" 10 
Frequency (Hz) 
1 0 ' 
Fig. 4.11 Noise spectral density of CS-LPF at f.^ jg of 5.67-Hz. Integrated noise 
f r o m 0 t o 6 - H z i s 2 8 5 . 9 - 1 1 1 




T — T —
 r —
 ^ — 
( s n h / a }
 e s j o u








 T — 
( s n h / A }
 9S!OU
 P①JJ甚①」indu i 





V ： I . . . . \ N ^ . . : 
\ � ； ； : \ ： : \ 
> \ ； ： ‘ 
> 
b 
1 1 i 1 i 1 1 
150 
10 10' 
Lowpass filter f �犯 ( H z ) 
Fig. 4.13 Input integrated noise of filter vs./秘 The noise is higher at larger 
fijB due to wide bandwidth. 
0 20 40 60 80 100 120 140 150 
Input voltage (mV) 
Fig. 4.14 Dynamic range of filter. For a 3% THD, the DRs of the filter are 
about 54.5-dB and 46.6-dB forf德 of 5.67-Hz and 1.57-Hz, respectively. 
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Reference ^ s u p p l y fcuto f f Power (W) Integrated 
Noise ( V r m s ) 
D R (THD) Technique 




[331 2.8-V 110 5.1^ 36 pA 50 dB (3%) G m - C 
[341 2.8-V 100 230 n 776^1 (in) 65 (5%) G . - C 
[351 士 1.5-V 0.016 0 . 2 3 ^ 1 - - G m - C 
P 6 1 0.9-V 100 0 . 5 ^ 1 - 45 (1%) S O - S C 
This work 2.5-V <1.57 78.9)11 235.9^ (in) 54.5 (3%) Active R C 
Table 4.2 Comparison of CS-LPF with other works. 
4.2.2 Measurement results for overall system 
The frequency response of the entire system with different is shown in Fig. 4.15. 
The circuit achieves 47.7-dB attenuation for a photocurrent of 20-fiA with an /诚 
lower-band and upper-band of around 0.46-Hz and 2.8-Hz. The range of D C 
photocurrent that can be sunk effectively while maintaining the desired frequency 
response is from 0.1-juA to 53-]xA. Theoretically, the larger the amount of D C 
photocurrent, the higher the attenuation, but practically this might cause transistors in 
the error amplifier to go into linear region, which leads to the reduction in attenuation 
at higher current. 
The D C attenuation with respect to passband gain as a function of input D C 
photocurrent is shown in Fig. 4.16. An in-band (maximum) and stop-band (minimum) 
signal tones with small enough amplitude are used for calculating the attenuation. 
This plot demonstrates the D C rejection capability of the system in the presence of 
various amount of D C photocurrent. The common-mode dynamic range (CMDR), 
which is defined as the ratio between the maximum and the minimum D C current that 
achieves at least 20-dB attenuation at its lower stop-band with respect to its passband 
in the frequency response, is 53-dB (from 0.1-|iA to 53.4-|iA). This means that the 
system can operate with a L E D duty cycle from 0.2 percent to 70 percent, which is 
very robust and sufficient for our application. The C M D R is dictated by the lower 
frequency pole (cohp) and is related to the off-chip compensation capacitor (C丄 which 
can be integrated later in future development [20], [28'. 
The transient waveform of node V卯,in Fig. 3.3a and its FFT are given in Fig. 4.17, 
4.18, and 4.19, respectively. In Fig. 4.17, the inputs to the system are in-band 
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Fig. 4.15 Frequency response of overall system. With I^ , = 6 jiA and /“( = 1.08 
I^ A. f_、M low = 0.36 Hz, and f_、M high = 6.5 Hz, respectively. 
sinusoidal current with various amount of D C current (/&) from 0.1-|iA to 43.9-|iA, in 
order to demonstrate the system's ability to reject D C current. The D C level of the 
output waveforms settles to 1.64-V. There is a discrepancy between the simulation 
and experimental results due to an offset of 3 to 4 m V at the output of the TIA, which 
causes the output D C level to be about 400 m V higher than expected. Conversely, 
this is minimal compared to the rise of D C level if no D C rejection mechanism is 
presented. For instance, a signal with /汝.of 34.6-|iA gives a 10.96-V rise at its output 
level (34.6-|LIA.2000.20.7.5 二 10.96-V). Fig. 4.18 shows the FFT of the overall 
system with a 0.85-Hz in-band tone with I如 of 5-|LIA and signal current I,,^  of 324-nA. 
The S N D R is about 37.7-dB, which is acceptable for our application. For a signal 
with Ipk of 3-|LIA and /论 of 43.9-|LIA, the S N D R is 25.3-dB from Fig. 4.19. 
The D R of the overall system is shown in Fig. 4.20. The D R is about 29.8-dB for a 
5% THD. The D R in this case is limited by the TIA, due to its small amplification 
factor and poor SNR. In addition, at higher signal current the distortion is severe due 
to the small input bias current, which is only 3-|LIA. Still, the D R is not important 
since the amplitude of the signal of interest (PPG) does not vary by a large degree. 
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10 
Input DC photocurrent (uA) 
Fig 4 16 To illustrate common-mode dynamic range of overall system. For a 
20 dB attenuation, the circuit works with U from 0.1 卞A to 53卞A, which is about 
54.5-dB! 
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Time (s) 
Fig 4 17 Transient waveform of overall system with different amount of /汝，to 
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Fig 4 18 FFT of output transient waveform at /论 of 5卞A. SFDR and S N D R 
• ‘ are both 37.7-dB. 
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Fig 4 19 FFT of output transient waveform at l,c of 43 
‘ and S N D R is 25.3-dB. 
16 18 20 
.9卞A. SFDR IS 27-dB 
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Fig. 4.20 Dynamic range overall system only. For a 21-dB S N D R (〜5% THD), 
the D R is about 29.8-dB. I,, = 3 |nA. 
The start up transient is shown in Fig. 4.21, which is taken at the output of the CS-
LPF when the finger is placed onto the sensor unit. As the finger is placed onto the 
sensor, the system is excited and hence the overshoot, after which the feedback loop 
kicks in to perform D C photocurrent rejection. This matches that of Fig. 3.29 in the 
previous chapter - the settling time of the circuit is about 1.68-s. Fig. 4.22 is the 
captured image from the oscilloscope at the output of CS-LPF, which displays the 
actual PPG signal as it settles. The overall system (TIA, amplifier and CS-LPF) is 
clearly working as distinguished features of the PPG signal can be noted (dichromatic 
notch, peak, etc.) and the signal settles at about 1.77-V. 
Fig. 4.23 shows the PPG waveform taken at the output of the system for 12 
different subjects to demonstrate consistency and functionality of entire system. 
Clearly, the circuit is working as all output settles to about 1.77-V. Accordingly, the 
proposed circuit can remove the D C offset properly and hence increases D R of the 
system. The performance of the PPG A F E is recapped in Table 4.3 and the 
comparison with previous works is shown in Table 4.4. 
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Instant when the 
finger is placed. 
f： ： 
Excitation and settling. 
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Transient response of the circuit during start-up; this is taken at the 
output of CS-LPR 
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Fig. 4.23 PPG of 12 subjects to demonstrate consistency and functionality of 
the entire system. 
Technology 4M/2P0.35-|Lim C M O S 
Supply voltage 2.5-V 
Power consumption 0.6-mW 
Frequency cutoff 0.6-Hz (lower band) 
1.8-Hz - 62-Hz (upper 
band) 
THD/SNDR 37.7-dB 
Dynamic range 29.8-dB 
Core area 0.55-mnr 
Table 4.3 Performance of the PPG signal processing chain. 
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8-30 - - 0.3% 
(10m) 
42.6 
[37] 2.65-V 0.474 
-31.5 
179.5 |a 8|a @ 30 
Hz 
- - -
[38] ±1.5-V 0.3 -
150 
485 |i 0.86|a - - 71 
(SFDR) 
[39] ±2.5-V 250 340 u - - 0.3% 73 
(SNR) 
This work 2 . 5 - V 0.5-
6.5 
2 4 0 |a 1.2 n A @ 
4 Hz, 3.53 
nA (input 
integrated) 
3 3 . 6 d B 
( 5 % ) 
1 . 4 % 3 4 . 6 
Table 4.4 Comparison of the PPG signal processing chain with previous works. 
4.3 Summary 
A n ultra-low cutoff frequency filter and the entire PPG signal processing chain 
fabricated in 0.35-|im C M O S technology were presented in this chapter. The ultra-
low cutoff frequency filter was implemented using CST to steer partial A C current to 
ground so as to increase the effective capacitance. It achieves a lowpass f’、此 that 
ranges from 1.57-Hz to 58.2-Hz. The circuit works properly as the measurement 
results have shown. The lowpass filter consumes 78.9-|jW from a 2.5-V supply and 
has a D R of 54.5-dB. As shown from Table 4.2，this filter is the first ultra-low cutoff 
frequency filter ever reported using active-RC implementation with reasonable noise 
and DR. 
Then this lowpass filter is realized as part of the PPG signal processing chain, 
together with the off-chip capacitor TIA reported in Chapter 3. The entire system can 
reject D C current from 0.1-|aA to 53-|uA, which translates to L E D duty cycle from 
0.2 percent to 70 percent. Then experimental results demonstrate the functionality 
and consistency of the system with a 12-subject test, in which their waveforms all 
settle to 1.77-V in 1.68-s. In addition, the distinctive features of the PPG signal can 
be noted as well. The entire system achieves lower-band and upper-band /碰 from 
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0.46-Hz to 2.8-Hz and consumes 600-|LIW from a 2.5-V with Ij, = 6 \iA (at 10% duty 
cycle, full power = 60 |iA). Compared to other previously designed system, the 
performance of this is only mediocre. Nonetheless, this is the first ever designed 
analog front-end for bio-optical sensing application (PPG) and it can be improved 
significantly in the near future. 
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5.1 Conclusions 
In this thesis, a new NIR sensing system for PPG signal acquisition and a new 
dual-loop transimpedance amplifier (TIA) for versatile physiological signal 
acquisition, which can be used together with ECG signal as the analog front-end for a 
continuous-time blood pressure monitor, have been presented. With its wide range 
of frequency tuning through varying the input DC current, the front-end can also be 
employed in neural-photonic sensing and hearing-aid application. 
The NIR sensing system for PPG signal acquisition consists of a transimpedance 
front-end with D C rejection and an ultra-low cutoff frequency lowpass filter using 
current-steering technique. Light source is pulsed to reduce the power consumption. 
The transimpedance front-end for this signal processing chain employs a 
sample-and-hold in the feed-forward path to sense the DC level of the pulsed signal 
from the photodiode, and an error-amplifier in the feedback path with an off-chip 
compensation capacitor to reject the undesired DC photocurrent, which will reduce 
the dynamic range of the system if not rejected properly. A new technique for 
ultra-low cutoff frequency lowpass filter is also developed which incorporates a pair 
of current steering transistors to increase the effective value of the filter capacitor. 
The design was realized in 0.35-|Lim C M O S technology. It consumes 600-fiW at 
2.5-V, and achieves a lower and upper -3dB cutoff frequencies of 0.46-Hz and 2.8-Hz 
respectively. The author's contributions in this design include 1) identifying the 
nature of incoming signal, which includes its variable DC characteristic due to LED 
sampling frequency and duty cycle, and physiological condition of the individuals, 2) 
identifying the key issues associated with pulsed signal sensing and 3) devising a 
solution for it. 
To achieve full integration and versatility, a novel dual-loop TIA with DC 
photocurrent rejection for continuous-time multi-parameter processing has been 
developed. It consists of a pole location control block and a self-regulated DC 
photocurrent rejection loop. Low frequency operation is achieved with the addition 
of transconductance and transimpedance elements to push the lower -3dB cutoff 
frequency to low frequency location. The DC current rejection loop senses the DC 
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current from the photodiode and performs cancellation. The design was fabricated 
in 0.35-|Lim C M O S technology. Experimental results show that the circuit can reject 
D C current from 2.5-|iA to llO-^ iA, and achieves a lower -3dB cutoff frequency 
from 0.47-Hz to 372-Hz without any external components, which corresponds to a 
443.6 times reduction in capacitor size. It consumes 156-|iW and 109-|iW from a 
2.5-V and 2.0-V supplies at /女=20 jiA, respectively. 
To analyze such a complicated circuit would require the use of special technique. 
Not only does this thesis contribute novel circuits to tackle the problem, it also 
provides insight to circuit design through DPI/SFG, which greatly expedites, 
enhances and adds understanding to the design process. 
5.2 Future work 
Numerous issues can be pursued in the fliture for this area, which includes the 
following: 
1. Fully integrated front-end for PPG signal processing 一 which is basically 
combining the first and second idea, by adding a sample-hold circuit to the 
dual-loop transimpedance amplifier, and the peripheral circuit, such as lowpass 
filter, timer, oscillators and ADCs, etc. The quality of the sample-hold would 
determine the T H D and SNDR of the overall system. 
2. Low voltage transimpedance amplifier with DC photocurrent rejection 一 since 
three components are stacked (two transistors plus photodiode) together in the 
D C current rejection loop; this topology would not work for low voltage 
operation - this is the bottleneck. If the loop can be removed, there needs to be 
a way to perform current cancellation and pole lowering operation 
simultaneously. That task would inevitably rest with the error amplifier. 
Therefore, effort should be directed to the design of error amplifier with large 
compensation capacitor and techniques for frequency compensation should be 
developed that results in capacitance multiplication. 
3. Ultra-low cutoff frequency filter design — current-steering technique should be 
further investigated such that it can be used for high-pass filtering or for the 
purpose of capacitance multiplication. 
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APPENDIX A — DETAILS ABOUT THE OPERATION 
丨.0 Tl \ v\ iih ambient photociirrent rejection loop u.iih no Gmx: • ‘ - the 
'•() coned one (full version). 
uA 








R02 !7().3c9; ROl H)0c3; lU 
A\ 1 1()(X)(): Av2 342.76e3; 
.()c3: 
: 319.2e」)： (.iiri2 l06.3c-9: (mi3 
:.,m4 :: 2,47lc-6; (jinb4 .5866c-6; (jin5 







Cpl = 2.0655e-12; Cp2 = 5e-12; Cm = 164.8e-12; Cll = le-12; Cf = 5e-]2; 
Cp4 = 180.9e-15;Cp5 = 5e-12; Cp6 = 111.4e- 15;Cp7 = 3.867e-12; 
R02 = 59.7e9; ROl = 100e3; R f = 2.0e3; 
Avl = 10000; Av2 = 120.22e3; 
Gml = 1.156e-6; Gm2 = 217.2e-9; Gm3 = 121.3e-6; Gmb3 = 28.6e-6; 
Gm4 = 11.28e-6; Gmb4 = 2.663e-6; Gm5 = 9.765e-6; Gm6 = 19.05e-6; 







2.045C-12: Cp2 5c-12; Cm l64.Kc-
552.5c-!5: (:p5 = 5c-12; CpO : 403c-1 
16!,2c9; ROl : ！0()c3; Rf 










(rni2 : 757.5C-9; 
(iinb4 14.1 c-6; 







丨Vo (_:p 1 : 12:(] :: 5c-12: Cm -: 164.8c-12 :CI!: Ic 
"o Cp4 
0. 
1.005c-12;(:丨 -)5 5c-12: (. p6 4^)9.5e-j： ,,7 
0 
% R02 86.3c9： ROl i00c3: lU 2.()c3; 
% Avl 1 ()()()(): /\v2 :: :173.Kc3: 
4e-
(mil : 7,525e-6: (.m2 S3K.3c-9: 
(jm4 146.4C-6: Gnih4 :: 35 7c-6: 
(;in7 :  (JITI8 1.5 15c-6; 
jni3 : 1.592C-3;(丨3K.X,lc-A； 
jni5 98.10-6; (jin6 卜)0.1 e-广乂 
jmci! W)4.3c--^v 
Gm3t = Gm3+Gmb3: 
90 
G157 = G m l * G m 5 * G m 7 ; 
G4T68CTL = (Gm4+Gmb4)*Gm6*Gm8*Gmctl ; 
C 7 G l G 5 - C p 7 * G m l * G m 5 ; 
G 7 C l G 5 = Gm7*Cpl*Gm5; 
C 7 C l G 5 = Cp7*Cpl*Gm5; 
"o /crocs 
zl = l /(2*pi*R02*Cm) 
p7*((.m3-KMnb3M,'Kf)H 
(Gm l* ( ( im3 i (.nib3 
% z2b 
((1 R厂（ im3t)*(. 157*("11、-(」4.1似（.:11/乂 >ni3i i (2^pi=^M'C,ni3f 
C； r i /H .p4 ) j 
In 1 b4 )C In 1Cv''CI INK ^ (j 1 TIc11((J 11'i 
mi l 气in-i5*(;m7*(( iin3 • (！nib3 -
1 Rt (;]-n3ij^N(r7Cl(.5 ( " ( l i e 
z2 = Gm 1 *G 157*(Gm3t*G 157-G4T68CTL) / 
(2*pi*(Cpl*(Gm3t*G157-G4T68CTL)*G157+Gml*(G7ClG5+C7GlG5)*(2*Gm3t*G157-G4T68CTL)) 
"0 % /,2a 二 
(((. im4+(Jmb4)*(jm6*{ini8*(imci l*((.m3+Cimb3 ' I R i>C in i l * ( ( im3 (hnb3)'H.m5=''(im7-^(Cim3 ( jnib: 
1 Rf)) (2*prN((jrn4-K_imb4l*(i】n6=H ". i iK:Hmict l�p4-("r i5: :=((mi l* i ( im3 广（.p7:”（（ i m > (.mb3 
R r ) - | < i V ( . : p 5 : N ( 】 m 3 : 1 Rljill) 
% Poles 
pi = Av2*RPGm2*Gmct l / (2*pi*R02*Cm*Gml) 
% p2 1 1 (丨in7”:(::p7> 
p2 = sqrt((G157+G4T68CTL*Rf)*G157*Gml / 
(G157*(2*Cpl*C7GlG5+Gm7*(Cpr2)*Grn5)+(G7ClG5+C7GlG5)*(2*Cpl*G157+Cp7*(Gml^2)*G 
m5+Cp 1 *G4T68CTL*Rf)+Gm 1 *(G 157+G4 丁 68CTL*Rf)*(C7C 1 G5+((Cf+Cl 1 )*Rf+(Cf+Cp4)*Rf/( 1+G 
m3t*R0)*(G7C 1G5+C7G1G5)))) 










"••() I )cnoniinaU,)r 






Rf)*(C7C 1 G5+((Cf+Cl l )*Rf+(Cf+Cp4)*Rf/( 1 +Gm3t*Rf))*(G7C 1G5+C7G1G5))); 
a2 = 
((Gm3t/Rf)八 2 )*( l /Rf+Gm3t)*(Cm*R02*Avl /R01)*(G157*(2*Cpl*G157+Cpl*G4 丁 68CTL*Rf+Cp7*(G 
m 1 A2)*Gm5)+Gm 1 *(G7C 1G5+C7G1 G5)*(G 157+G4T68CTL*Rf))； 
al -
((Gm3t/Rf)八 2)*( 1 /Rf+Gm3t)*(G 157+G4T68CTL*Rf)*(Av 1 /RO1 )*((G7C 1G5+C7G1 G5)*(Gmctl*Gm2* 
Av2*Rf)+G157*Cm*R02*Gml) ; 
aO 二（(Gm3t/Rf)A2)*(l /Rf+Gm3t)*(G157+G4T68CTL*Rf)*(G�57*Gmctl*Gm2*Avl*Av2*Rf/R01) ; 
filter ftinction = tf([b2 b l bO],[a3 a2 al aO]); 
Np=500; 
f=logspace(-3,l 2,Np); 
[mag,phase] = bode(filter_function, f); 
magdb 二 20*logl0(mag); 
for i=l :length(magdb) 
test(i)=magdb(i); 
end 
freq_hz = f / (2*pi); 
ppg_siml=load( '( Docuiviciits and ScUiivj^ A l c vMy 
l)oaim。nl、work cas Iran lia only data 2p5\ cie 5iiA riKuicl.lxt'); 
freq_siml = ((ppg_siml (:,!)')); 
d B s i m l = 20*logl0(ppg_siml(: ,2) ' ) ; 
figure(l); 
subplot(4,l,4); semilogx (freq_hz,test,freq_siml,dB_sim 1, --'); axis([0.001 1.659e5 -40 80]); hold on; 
(、,.o lege nil ('aiiaKiical'.'sirnulatecl') 
'•••(. xlabciri-rcqucncy (II/)'); 




APPENDIX B — COMPLEX POLE DERIVATION 
“ Q “ 
,co ., a, , ,0} a^ 
= — a n d + 〜) = 
Q a� Q a� 
CO 
Q 




CL 二 以丨2 
Q 
⑴ 
On the otherhand. 
CO 
Q 
+ � = 






W e can equate (1) and (2) 
a� a. 
+ ^IQ 代 + 气 
…{cOo + 义 1 0 = a!��()①丨+ ojIQ) 
a, 
Q 
a, CO - a, CO co "I 
a, CO - a, CO 
Q is preferably to be small to reduce peaking and cOo » ⑴尸 1 
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APPENDIX C 一 DETAILS ABOUT NOISE DERIVATION 
1 lA v\ ilh ambiciU photocuiTciU rejeclioii loop w ilh no (inix. 
concct one (Rill \ crsioi)). 
llic 
5 LI A 
"o Cp 1 入 0655c-P: (、p， 5 c-
% (:p4 
i).-
l.S(),9c-15;( •p5 5c--1 
() 
(>n R()2 :: 59.7c9; ROl -100c3: 
"o Avl 
(1, 
10000: A\2 :120.22c 
0 
').丨：丨(fll 1,1 56c-6;(] ini2 217 
% (im4 ::1 1 .28L-6;(; irnb4 :: 2.( 






-9： ( ilTKil 







Cpl =2.045e-12;Cp2 = 5e-12; Cm = 164.8e-12; Cll = le-12; C f - 5 e - 1 2 ; 
Cp4 = 552.5e-15; Cp5 = 5e-12; Cp6 = 403e-15; Cp7 = 7.19e-12; 
R02= 161.2e9; ROl = 100e3; Rf = 2.0e3; 
Avl = 10000; Av2 = 324.5e3; 
Gml = 4.126e-6; Gm2 = 757.5e-9; Gm3 二 632.4e 
Gm4 = 58.45e-6; Gmb4 = 14.1e-6; Gm5 = 45.29e 
Gm7 = 56.1 e-6; Gm8 = 854.8e-9; Gmctl = 331.8e 
-6; Gmb3 = 152.8e-6; 
•6; Gm6 = 88.03e-6; 
-6: 
9()ii, 




•|n ：…1 64.So 
:p6 499.5c- )4c-
R()2 86.3e9: RO! 
！ 0000： Av2 
]()0c3; R1 - 2.()c； 
173.Xc3: 
Grnl :: 7.52506: (im2 = 838Jc-9: (ini3 : 
( ,in4 :: 146.4C-6; Gmb4 :: 35.7c-6: (im5 
(rm? 99.X9C-6: (im8 1,51 5c-()； (mictl 
1.592C-3; (:.inb3 3K8. 
98,10-6; (jm6 190.k 
6()4.3c-6; 
Gm3t = Gm3+Gmb3; 
Gm4t = Gm4+Gmb4; 
G157 = Gml*Gm5*Gm7; 
G4T68CTL = (Gm4+Gmb4)*Gm6*Gm8*Gmctl; 
G468CTL = (Gm4)*Gm6*Gm8*Gmctl; 
G4T68 = (Gm4+Gmb4)*Gm6*Gm8; 
C7GlG5 = Cp7*Gm]*Gm5; 
G7C1G5 = Gm7*Cpl*Gm5; 
C7ClG5 = Cp7*Cpl*Gm5; 





Kn = 5.1e-27; 
Kp = 8.5e-27; 
Cox 二 4.54e-15; 
w=2*pi*f; 
W3 = 280.5; L 3 = 1.2; 
Wctl = 200; Lctl = 4; 
W4 = 25.5; L 4 = 1.2; 
W5 = 34; L5 = 2; 
W6 = 64.6; L6 二 2; 
W7 = 320; L 7 = 120; 
W1 =2 .5 ; LI = 4 ; 
W2 = 0.5; L2 = 90; 
W8 = 5; L8 = 120; 
Iamp2_sq = le-21; 
Iampl_sq = le-28; 
% ian.rp2 sq 0： 
InRf_sq = 4*1.38e-23*300/Rf; 
bxl = (1 -G4T68CTL/(Gm3t*G 157))/( 1 -(Gm3t/(Gm3t+1 /Rf))*( 1 -G4T68CTL/(Gm3t*G 157))); 
bx2 二 (1 /(Gm3t+1 /Rf))/( 1 -(Av 1 /RO1 )*( 1 /(Gm3t+1 /Rf)))； 
bx5 = (Gm3t*G157-G4T68CTL)/(Gm3t*(G157/Rf+G4T68CTL)); 
Noise conlrihulion hv cacii Transistor 
for i=l :Np 
% noise of M3 
N.�=::•:•.••.,:•-::::..:-:”:.：. 
% sq ‘ 
('0 iiicti sq % 
% In4 sq 
丨)o In5 
(\ / 
(',() in 6 % 
% ill? 
o / o 
% In! 
"•-() 丨i2 sq 














3()(!*(2 3 ) 
2 3 I 
产K;m3) ((.iri3'2 )*Kri i 
3 ) * ( ! n K t l . ( ( " r i c t l , 2 广 K p ( \ \ a l � [丄 ! 





川6 ； ((.nifr 2)-Kn 
(C,ni7 2)*Kn (\\7* 
((丨ml 2)*Kr) (W 1 -








(Gm3A2)*Kn/(W3*L3*Cox*w(i) /(2*pi))) / ((bxl*w(i)*Cm*Gml*Rf^R02*R01*(l /Rf+Gm3t))八 2); 
Inctlin_sq(i)= 
((w(i)*AvliRf^R02*Cm*Gml)A2+(Gm2*Avl*Av2*Gmctl*(RfA2)广 2)*(4*1.38e-23*300*(2/3)*Gmctl + 
(GmctlA2)*ICp/(Wctl*Lctl*Cox*w(i)/(2*pi))) /((bxl*w(i)*Cm*Gml*RPR02*R01*(l/Rf+Gm3t))A2); 
Iamplin_sq(i) = ((w(i)*Avl*Rf^R02*Cm*Gml)A2+(Gm2*Avl*Av2*Gmctl*(RfA2))A2)*(Iampl—sq) 
/ ( (bx l*w(0*Cm*Gml*RPR02*R01*( l /Rf+Gm3t ) )^2 ) ; — 
In4in_sq(i)= 
( (w(i )*Glb*R01*R02*Cm*Gml*Gm3t)八 2-(Gm2*Avl*Av2*Rf^Gmctl*Gm3t*G157*bx2)八 2)*(4*1.38e-
23*300*(2/3)*(Gm4) + (Gm4^2)*Kn /(W4*L4*Cox*w(i)/(2*pi))) / 
((w(i)*G157*R01*R02*Cm*Gml*Gm4t)八 2-(Gm2*Avl*Av2*Rf*=Gmctl*Gm4t*G157*bx2)八 2); 
ln5in_sq(i) 二 
((w(i)*G157*R01*R02*Cm*Gml *Gm3t)A2-(Gm2*Avl *Av2*Rf=Gmctl*Gm3t*Gl 57*bx2)A2)*(4* 1.38e-
23*300*(2/3)*Gm5 + (Gm5^2)*Kp /(W5*L5*Cox*w(i)/(2*pi))) / 
((w(i)*G157*R01*R02*Cm*Gml*Gm4t)A2-(Gm2*Avl*Av2*Rf^Gmctl*Gm4t*G157*bx2)八 2); 
ln6in_sq(i) = ((Gm5*Gm3t/(Gm4t*Gm6)r2)*(4*1.38e-23*300*(2/3)*Gm6 + (Gm6^2)*Kp 
/(W6*L6*Cox*w(i)/(2*pi))); 
In7in_sq(i) = ((Gm5*Gm3t/(Gm4t*Gm6))^2)*(4*l .38e-23*300*(2/3)*Gm7 + (Gm7'^2)*Kn 
/(W7*L7*Cox*w(i)/(2*pi))); 
In l in_sq( i )= 
((w(i)*Gm-3t*Gm5*Gm7*G157*R01*R02*Cm*Gml)八 2- (Gm3t*Gm5*Gm7*Gm2*Avl*Av2*RTOmctl* 




G157*bx2)A2)*(4*1.38e-23*300*(2/3)*Gm2 + (Gm2^2)*Kn /(W2*L2*Cox*w(i)/(2*pi))) / 
((w(i)*G4 丁 68*G157*R01 *R02*Cm*Gml)八 2-(G4T68*G 157*Gm2*Avl *Av2*RPGmctl*bx2 广 2); 
In8in_sq(i)= 
((w(i)*Gm]t*Gm5*Gm7*G157*R01*R02*Cm*Gml)八 2-(Gm3t*Gm5*Gm7*Gm2*Avl*Av2*Rf^Gmctl* 




* ( InRf_sq) / ( (w( i )*bxl*bx5*Cm*Gml*RPR01*R02*( l /Rf+Gm3t)*(Avl /R01) r2) ; 





Intot一 sq = In3in—sq + I n c t l i n s q + In4in_sq + In5in_sq + In6in_sq + In7in_sq + Inl in_sq + In2in_sq + 
I n S i n s q + Iamp2in_sq + I n R f i n s q + l a m p l i n s q ; 
('.()Inloi sq In3m sq …丨…Inctlm sq + ln4in sq In5rn sq - in6in sq !n7in sc| . i n l in sq ！ n2rn .�Cj 
InSin sq 十 InRHn sq; 
f igure(l) ; 
Intot—sqrt = sqrt(Intol_sc[); 
loglog(f,Intot—sqrt); xlabel('IVccj ucncy (11/)'); ylabel('inpul retcrrcd noise (A liz' ！ ‘ /'•'2)'); 
figure(2); 
loglog(f,Intot_sq,f,In3in_sq,'o',f,Inctlin_sq,'. ' ,f,In4in_sq,'x',f,In5in_sq,' ',f,In6in_sq, *',f,In7in_sq, ,f,Inlin_ 
sq,�'’f,ln2in—sq’'d'’f’In8in_sq,'v’,f，Iamp2in—sq,'(''’f,InRfin—sq’'. ' ,f,Iampl in_sq,'p'); xlabel('i-rcciucncy (H/)'); 
ylabel(’lnpul rc I erred noise (A '^Z；! jz)'); 
legendCioi','3','ctl' 
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2 . 5uA 
794.6e-15; Cp2 
142.2e-15; Cp5 
5e-12; Cm = 164.8e-12/ Cll = le-12; Cf 
5e-12; Cp6 = 57.6e-15; Cp7 二 69.56e-12 
5e-12 
172.25e9; ROl 二 100e3; Rf 
10 0 0 0; Av2 = 346.74e3; 
2.0e3 
Id4 = 22.34e-9; Id6 二 42.45e-9; Id8 = 1.2e-9; 
Idl = 3.24e-9; Id2 = 0.2425e-9; Id3 = 259 . 2e-9 
Gml = Idl/(-10 
Gmb3 =〇； 
Gm4 = Id4/(11.8*0.025) 
Id6/(-10.1*.025); 
Gm7 二 Id6/(11.8*0.025) 
Id3/(-10.1*0.025); 
0.025)； Gm2 - Id2/(11.8*0.025) ； Gm3 二 Id3/(11•8*〇•〇25) 
Gmb4 二 0/ Gm5 = Id4/(-10.1*0.025)； Gm6 二 
Gm8 二 Ids/(11.8*0.025)； Gmctl 二 
Gm3t = Gm3+Gmb3; 
G157 = Gml*Gm5*Gm7; 
G4T68CTL 二 （Gm4+Gmb4)*Gm6*Gm8*Gmctl 
C7G1G5 = Cp7*Gml*Gm5; 
G7C1G5 = Gm7*Cpl*Gm5; 
C7C1G5 = Cp7*Cpl*Gm5; 
—oes 
zl - 1/(2*pi*R02*Cm) 
z2 = Gml*G157MGm3t*G157-G4T68CTL) / 
(2*pi*(Cpl*(Gm3t*G157-G4T68CTL)*G157+Gml*(G7C1G5+C7G1G5)*(2*Gm3t*G157 
-G4T68CTL))) 
pi 二 Av2*Rf*Gm2*Gmctl/(2*pi*R02*Cm*Gml) 
p2 二 sqrt((G157+G4T68CTL*Rf)*G157*Gml / 
(G157*(2*Cpl*C7GlG5+Gm7*(Cpl"2)*Gm5)+(G7C1G5+C7G1G5)*(2*Cpl*G157+Cp7* 
(Gml”）*Gm5 + Cpl*G4T68CTL*Rf) +Gml* (G157 + G4T68CTL*Rf) * (C7C1G5+ ( (Cf + Cll) 
*Rf+(Cf + Cp4)*Rf/(l + Gm3t*Rf) )*(G7C1G5+C7G1G5)))) 
p4 - 1/ (2*pi*Rf*Cf) 
b2 二 
Cm*R02*((1/Rf+(Gm3+Gmb3))^2)*(Gm3+Gmb3)•(Avl/ROl)*(Cpl*((Gm3+Gmb3)*G1 























filter—function = tf ( [b2 bl b0],[a3 a2 al aO]); 
Np=50〇7 
f-logspace(-3,12,Np)/ 
[mag,phase] 二 bode(filter—function, f)/ 






CUHK L i b r a r i e s 
0 0 4 4 6 1 2 4 0 
